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Flood History

Several long-term stream gages in the basin provide a
good history of floods on rivers in the Puyallup River
Basin since the 1930’s (table 2). Although Mud Mountain
Dam has regulated flood flows on the White River and the
lower Puyallup River since its completion in 1942, the
1934 peak flow, the largest recorded at the Puyallup River
at Puyallup, was unregulated. The other stations listed in
table 2 are all upstream of major regulation.

Other notable floods include the record 1978 peak
flow in the Greenwater River, which was almost twice the
discharge of the second largest peak flow—clearly a sig-
nificantly large flood in the record. The 1996 peak flows,
all during February 8-9, 1996, are ranked number one or
two at all the stations listed in table 2, and because they
occurred during the model calibration and validation
period of this study (water years 1994-97), they provided
an excellent opportunity to calibrate the numerical model
to a significantly large flood. If the November 28, 1995,
peaks had not been exceeded by the February 1996 peak
flows, they would have ranked in the 10 highest recorded
annual peaks at all but the Puyallup River at Puyallup gage
sites. On the other end of the scale, 1994 peak flows
ranked last or near last for all the stations listed. Although
the 1994 peak flows occurred during the model calibration
and validation period, they do not provide useful data for
testing the model and, therefore, were not used. The other
floods during the data-collection period of this study lie in
the midrange of the ranked floods.

Meteorological Conditions Related to
Flooding

Comparing meteorological data associated with the
largest recorded floods reveals some important aspects of
flooding in the Puyallup River Basin (table 3). Itis correct
to assume that flooding is related to precipitation, but in
the Puyallup River Basin the relation is not straightfor-
ward. As seen in table 3, precipitation amounts do not
correlate well with the peak discharges. For the eight larg-
est floods, 1-day precipitation at the Rainier Paradise
RNGER station varied from 2.60 inches to 7.76 inches,
and 5-day precipitation varied from 6.87 to 17.53 inches.
For reference, the precipitation total with a 10-year,
24-hour precipitation frequency for this station is about
6.2 inches (U.S. Department of Commerce, 1973). (The
10-year, 24-hour precipitation frequency is the average
amount of rainfall over a 24-hour period that is exceeded
on average once every 10 years.)

The most likely explanation for this lack of a strong
correlation between rainfall total and peak discharge is
that the runoff during floods with low precipitation totals
was augmented with snowmelt. In basins of western
Oregon (similar to the Puyallup River Basin), a transient
snow zone, the zone of transition between precipitation as
rain and precipitation as snow, is from 1,150 to 3,610 feet
(350 to 1,100 meters) above sea level (Harr, 1986 . By
this definition, the transient snow zone of the Puyallup
River Basin takes up 38.8 percent of the drainage area.
Therefore, depending on the extent of snow in the basin
and the freezing levels during a storm, rain-on-snow
events in the Puyallup River Basin may contribute signifi-
cantly to runoff from snowmelt. Floods with relatively
low precipitation amounts at the Paradise (elevation
5,427 feet) and Longmire (elevation 2,762 feet) stations
generally had high snowmelt index values and relatively
high temperatures (table 3). (The snowmelt index
described in table 3 is a simple indicator of snowrelt dur-
ing storms based on reported observed snow on the ground
at NWS stations). By contrast, the lower elevatio~ sta-
tions Mud Mountain Dam (elevation 1,308 feet) and
McMillin Reservoir (elevation 579 feet) did not show any
addition of snowmelt to runoff (index = 0), although the
available data are sparse. Maximum surface air t=mpera-
tures were above freezing for all the floods (table 3). The
1996 flood, the largest flood in table 2, had high snowmelt,
temperatures, and precipitation totals—a sure recipe for
big floods.

Schermerhorn (1967, p.707) stated, “The [spatial]
variation in annual precipitation in western Oregcn and
Washington is greater than anywhere else in the contigu-
ous 48 states,” and, indeed, in the Puyallup River Basin
large variations in precipitation often occur over short dis-
tances due primarily to differences in elevation. Precipita-
tion normally increases with increased elevation, as can be
seen, with few exceptions, by relating storm precipitation
totals and Normal Annual Precipitation (“NAP” is the
term used by the National Weather Service in its climato-
logical data reports; NAP is the same as the mean annual
precipitation over a specified period or “base perind”) to
elevations for the four stations in table 3. The NAP at
McMillin Reservoir (elevation 579 feet) is only 3¢ percent
of NAP at Rainier Paradise (elevation 5,427 feet).

35 miles away. While this is usually true for annual totals,
individual storm precipitation totals at lower elev-tions
may exceed those at higher elevations due to short-term
variations in atmospheric circulation patterns, winds, and
temperatures in combination with the topography of the
basin.



Table 2. Ten largest annual peak discharges (ranks 1 through 10) for selected stations in the Puyallup River
Basin, Washington, and the annual peak flows* used during the model calibration and validation period of this
study (1994-97 water years)

[USGS, U.S. Geological Survey; M/D, month/day; ft3/s, cubic feet per second]

Puyallup River at Puyallup Greenwater River at Greenwater South Prairie Creek at South Prairie
USGS Station Number 12101500 USGS Station Number 12097500 USGS Station Number 12095000
Record: 1914-97 Record: 1912, 193078, 1993-97 Record: 1950-79, 1988-97
83 years of annual peak-flow data 53 years of annual peak-flow data 40 years of annual peak-flow’ data
Water Date  Discharge Water Date Discharge Water Date  Discharge
Rank year (M/D) (ft/s) Rank year (M/D) (ft’/s) Rank year (M/D) (ft’/s)
1 1934 12/10 57,000 1 1978 12/02 10,500 1 1996 02/08  *8,170
2 1996 02/09 *46,700 2 1996 02/08  *5,900 2 1956 12/11 6,850
3 1990 01/09 44,800 3 1960 11/22 5,360 3 1965 01729 6,400
4 1987 11724 43,800 4 1965 01/29 5,090 4 1990 01/09 5,930
5 1991 11/24 41,900 5 1947 12/11 5,000 5 1954 12/09 5,470
6 1965 01/29 41,500 6 1934 12/09 4,140 6 1991 02/19 5,390
7 1978 12/02 40,600 7 1976 12/02 4,140 7 1975-  01/18 5,020
8 1918 12/18 40,500 8 1912 11719 2,800 8 1976 12/02 4,380
9 1935 10/25 39,500 9 1971 01/31 2,260 9 1974  01/16 4,710
10 1933 11/13 37,800 10 1956 12/12 2,230 10 1960 11/20 3,90
35 1997 01/01 *22,800 21 1997 01/01  *1,510 14 1997 01/01 *3.490
49 1995 02/19 *19,200 27 1995 02720  *1,330 23 1995 02/19 *2,680
79 1994 03/03 *9,040 54 1994 01/14 *574 36 1994 03/03 *1,5N0
Carbon River near Fairfax Puyallup River near Orting
USGS Station Number 12094000 USGS Station Number 12093500

Record: 1930-78, 1991-97

56 years of annual peak-flow data

Record: 1932-97
66 years of annual peak-flow data

Water Date  Discharge
Rank year (M/D) (ft3/s)
1 1991 11/24 13,000
2 1996 02/08 *12,000
3 1934 12/09 11,000
4 1978 12/01 10,000
5 1960 11/23 9,970
6 1968 12/25 7,480
7 1976 12/01 7,460
8 1975 01/18 7,320
9 1974 01/15 7,180
10 1933  11/13 7,100
23 1995 10/31 *4,900
29 1997 11727 *4.480
56 1994 03/03 *1,100

Water Date Discharge
Rank year (M/D) (ft’/s)

1 1996 02/08 *18,300
2 1963 11/20 15,300
3 1960 11/22 12,900
4 1934 12/10 12,800
5 1965 01/29 12,200
6 1956 12/11 12,100
7 1978 12/02 12,100
8 1933 11/13 11,800
9 1990 01/09 11,600
10 1947 12/11 11,200
21 1997 01/01  *8,460
36 1995 10/31  *5,890
66 1994 03/03  *1,830
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Several floods listed in table 3 can be characterized as
high-elevation or low-elevation precipitation events. The
December 1977 flood could be characterized as a high-ele-
vation precipitation event because the 5-day precipitation
as a percentage of NAP is greater at the two higher eleva-
tion stations in table 3 (13.5 and 14.1 percent) than at the
two lower elevation stations (4.5 and 4.2 percent). In con-
trast, the November 1986 flood could be called a low-ele-
vation precipitation event because the NAP percentages
for the 5-day precipitation totals for the two lower eleva-
tion stations are higher than any others listed, while the
NAP percentages for the two high-elevation stations are
ranked among the lowest two peaks listed.
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The dates of the annual peak discharges in the
Puyallup River Basin define a relatively short season from
mid-November to early March for large floods (ta%le 2).
This is the season of the heaviest rains (table 1), and
although November is a month of heavy rain, there is a lag
time on the order of several weeks to months befo-e major
flooding normally occurs. The rains through early
November must saturate the relatively dry soils before a
large enough portion of the rainfall becomes runof. This
phenomenon can be seen by comparing runoff from two
storms in October and December 1994 (fig. 4) with similar
precipitation totals and intensities and similar above-freez-
ing temperatures (no snowfall was recorded at the. Rainier
Longmire NWS weather station during either storm).
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Figure 4. Comparison of runoff response to precipitation between an early fall and early winter storm at two gaging

stations in the Puyallup River Basin, Washington.
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Although the December storm had 18 to 20 percent less
precipitation than the October storm, the peak discharge
was 2.6 to 3.7 times as large. Much of the rainfall in the
October storm most likely infiltrated the ground and was
stored in the soil, while during the December storm (after
two more months of rain had saturated the soil) a larger
fraction of the rainfall became runoff. Although snow is
often present in the midelevation in the spring and peren-
nial in the higher elevations, flooding due strictly to snow-
melt has rarely produced major flooding, and as the chance
for heavy rains diminishes in the spring, so does the
chance for heavy flooding.

Generalizations about Flooding in the
Puyallup River Basin

An examination of the meteorological conditions
associated with large floods in the Puyallup River Basin
has identified five important factors that define the basis
for the conceptual model of how major floods are gener-
ated in the Puyallup River Basin:

1. Topography has a strong influence on precipitation;
precipitation generally increasing as elevation
increases.

2. Spatial patterns of precipitation totals of individual
storms may vary considerably from the pattern
defined by annual totals.

3. Flooding is primarily associated with storms bringing
heavy rain to the basin, but snowmelt is an important
contribution to flooding.

4. The extent of snow cover and the freezing level
during a storm are important factors in the snowmelt
contributions to runoff.

5. Most of the soil moisture storage capacity must be
filled before heavy flooding can begin.

DESCRIPTION OF THE NUMERICAL
MODEL

The Integrated-Snowband version of the SSARR
model (U.S. Army Corps of Engineers, 1991) was used in
this investigation for simulating river discharges and
stages because of its ability to make real-time forecasts, its
compatibility with the personal computers (PC’s) in the
PCRI computer system, its longtime use in the Pacific
Northwest, its ability to simulate floods according to the
conceptual model for flooding in the Puyallup River Basin
described earlier, and its ability to route natural and regu-

11

lated flows through river channels and reservoirs. The
SSARR model was developed by the U.S. Army Corps of
Engineers (USACOE) for managing the Columbia River
and has been used by the Northwest River Forecast Center
of the NWS in Portland, Oreg., to make flood forecasts on
many of the major rivers in the Pacific Northwest. The
following is a brief description of the model, and the
reader is referred to the SSARR user’s manual (U.S'. Army
Corps of Engineers, 1991) for complete details of I »w the
model works.

The SSARR Model

In the SSARR model, the modeled basin is divided
into subbasins that drain to a network of storm reaches and
reservoirs. The model simulates runoff by routing avail-
able water from rainfall and snowmelt from subba-ius to
streams and routes streamflow through the stream net-
work. The model’s characteristics, which are input data to
the model that govern the simulation of runoff and routing,
include such items as subbasin area, elevation, emnirical
coefficients that control infiltration, and tables rela‘ing
stream channel or reservoir storage to outflow.

The SSARR model can store information abornt
watershed and channel conditions, such as soil moisture
and stream discharge, at the end of a simulation ard start
another simulation using these stored or modified condi-
tions as initial conditions, thus allowing easy incorpora-
tion of real-time data as it is retrieved to make improved
forecast results. The model also can adjust the simvlated
watershed runoff automatically to mimic the observed
record by adjusting the inputs of precipitation, lapse rates,
or temperature until the simulated record matches the
observed record within specified tolerances.

The SSARR model also is appropriate for simulating
peak discharges for the Puyallup River Basin because of
(1) its continuous modeling in time (as opposed to
event-based models) that accounts for antecedent soil
moisture conditions and snow accumulation, (2) it< tem-
perature-index snowmelt algorithm (as opposed tc
energy-balance snowpack models that require more data
input than is generally available), (3) its division c¥ the
watershed into elevation zones (snowbands) with corre-
sponding division of precipitation (as rain or snow) and
temperature according to defined precipitation-elevation
curves and lapse rates, and (4) its distribution of water
available for runoff into surface and subsurface flcw paths
as a function of soil moisture. A simple storage-routing
equation computes the lengths of time (lag time) for water
available for runoff to reach the stream for each of the flow



components. The lag time defines the shape of the simu-
lated hydrograph, which is adjusted through calibration to
mimic the shape of the observed hydrograph. The SSARR
model also simulates such other important hydrologic pro-
cesses as interception, evapotranspiration, ripening of the
snow pack, and groundmelt of the snow pack. The hydro-
logic parameters that govern the simulation of the hydro-
logic processes are the same throughout a subbasin,
although precipitation and temperature inputs are adjusted
differently for each snowband by user-defined precipita-
tion-elevation relations and temperature lapse rates.

The NWS Northwest River Forecast Center has used
a depletion version of the SSARR model to make routine
flood forecasts on the Puyallup River. Many of the NWS
depletion version’s runoff parameters and flow-routing
tables (outflow as a function of storage or stage) were used
to construct the preliminary snowband SSARR model (a
numerical model with uncalibrated parameters) for this
investigation. The NWS depletion version was not used
directly for several reasons (which are discussed further in
the next paragraph): (1) The current network of precipita-
tion and temperature gages within the basin provides a
more accurate model than the network of region-wide
gages used in the NWS model. (2) Many stations for
which PCRI was interested in estimating discharge or
stage during flood events are not represented in the NWS
model. (3) The snowband version can continuously track
current snow-water equivalent (SWE) in the basin’s snow-
pack. (4) And the Columbia River Operation Hydromet
Management System (CROHMS) network of gages used
by the NWS is not generally available to county agencies,
nor is it compatible with the PC version of the SSARR
model.

The NWS SSARR depletion model used four sub-
basins, a 6-hour time step, one temperature station, and
a set of regional precipitation stations, all outside the
Puyallup River Basin. This investigation uses the SSARR
Integrated Snowband model, with seven subbasins and
four temperature stations and six precipitation stations
located within the basin. The snowband model uses a
1-hour time step during storms (storm mode), and a 6-hour
time step at other times (backup or nonstorm mode).
However, when the model is used to forecast discharges,
6-hour time steps are used because forecasted temperature
and precipitation are available only for 6-hour time steps.
The 1-hour time step provides more definition of the storm
hydrograph than a 6-hour time step, and it provides more
flexibility to stop the model at specific times in anticipa-
tion of a subsequent model run. Although the snowband
model used for this investigation uses considerably more
input data than does the NWS model (the current
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USGS-operated gage network of local meteorological
gages instead of regional NWS gages) and greatly
enhances the detail of the simulation model (seven subba-
sins instead of the four used by the NWS, and a 1-hour
time step instead of a 6-hour time step), there is tt*= disad-
vantage that the calibration and validation period is lim-
ited to the 1994-97 water years—the period durine which
the current gage network has existed.

Subdivision of the Puyallup River Basi~ into
Subbasins and Elevation Zones

In the snowband model, the Puyallup River Basin is
subdivided into 7 subbasins and 13 elevation zones (fig. 3
and table 4). Elevation zones are synonymous with the
SSARR model term “snowbands.” The subbasins are
based on the topographic divides and locations of river
confluences and stream gages. For example, the South
Prairie subbasin is defined as the drainage basin unstream
of the mouth of South Prairie Creek at the conflue~ce with
the Carbon River. Even though the stream gage Snuth
Prairie Creek at South Prairie (USGS station number
12095000) is located 5.9 miles upstream of the ccnflu-
ence, it is still representative of the outflow at the mouth
because there are no major inflows between the gage and
the mouth.

The Carbon subbasin is defined as the drainaze basin
upstream of the gage on the Carbon River near Feirfax
(fig. 3) because this gage lies 16.1 miles upstream of the
mouth and there are several significant inflows between
the gage and the mouth. The upper White subbas‘n, the
largest subbasin, is defined as the drainage basin vostream
of the gage on the White River below Clearwater River
near Buckley (fig. 3), excluding the Greenwater F ‘ver
drainage (the Greenwater subbasin). The upper White
subbasin, which is more than twice as large as the second
largest subbasin, is not subdivided into smaller urits
because there are no upstream gages at which to compare
simulated runoff with observed runoff.

The elevation zones are subareas in each subt asin that
encompass defined elevation boundaries. In the F 1yallup
River Basin model, the area between elevations 0 to
5,000 feet above sea level is divided into 10 zones equally
spaced vertically at 500-foot intervals. The next zone is
from 5,000 to 6,000 feet elevation; the next is from 6,000
to 8,000 feet elevation; and the last zone is everything
above 8,000 feet elevation. The “contour interval~” of the
elevation zones were configured in this manner tc make
the area within each zone approximately equal. The eleva-
tion zones were delineated using a digital elevaticn model



Table 4. Area of elevation zones by subbasin used in the Puyallup River Basin model, Washington
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IThe Puyallup River Basin upstream of U.S. Geological Survey stream gage Puyallup River at Puyallup, Wash. (Station number 12101500).
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(DEM) of regularly spaced elevation values with a
30-meter (98.4-foot) grid-cell resolution (Washington
Department of National Resources, 1994) derived from
1:24,000 scaled topographic maps (U.S. Geologiral
Survey, 1987). Geographic Information System (GIS)
software was used to slice the individual subbasins into
the 13 zones and calculate the areas. The elevation bound-
aries and the amount of area for each zone were coded into
the Puyallup River Basin model to define the snowbands
for each subbasin. The model uses this information to
adjust the meteorological inputs (precipitation ar temper-
ature) to the midpoiut elevation for each snowband and
compute total volumes of runoff based on the area in each
zone.

Computation of Subbasin Precipitation

Necessary input to the SSARR model includes a time
series (a series of data values ordered in time) of precipita-
tion associated with each subbasin. Since the p-ecipita-
tion record at a gage generally does not represent the
average precipitation for a basin, a weighting factor is
used to adjust the precipitation inputs. Althougt the
model can adjust the input precipitation for each subbasin,
for this investigation a separate time series for each subba-
sin was computed. The individual precipitation time
series for each subbasin, Py, was calculated as a
weighted average of two observed precipitation records:

NAP NAP
sub

suh
Pstal(NAP )"'Pstaz(]vAp )
P - stal sta2

sub 2 (D

where

are the recorded
precipitations at gaging
stations 1 and 2,
respectively;

and P

Pstal sta2

NAPsu b is the normal annual
precipitation for th=
subbasin; and

NAP

and NAP are the normal ann—al
stal sta2

precipitation for stations 1
and 2, respectively.

After all the gage records were reviewed fo- errone-
ous or missing data, the two gages within or nearest to
each subbasin that had complete and accurate deta for the
period of a particular simulation were selected f-om the
six available real-time USGS-operated rain gage~. Table 5
shows the matrix used to select the precipitation record
and the NAP values used in equatioun 1.



Table 5. Priority matrix for selecting two rain-gage records and normal annual precipitation used to compute a
subbasin precipitation record, Puyallup River Basin, Washington

Priority Matrix

The first two rain gages listed in the rows below are selected for each subbasin. If a rain-gage record is determined to have missing

or bad values, the next rain gage is selected.

Subbasin Rain gages in order of priority for selection

Greenwater Greenwater Buck Creek Carbon White River Canal  South Prairie  Electron

Upper White Buck Creek Greenwater Carbon White River Canal  South Prairie  Electron

Lower White White River. Canal South Prairie Greenwater  Buck Creek Carbon Electron

South Prairie South Prairie Carbon Electron Carbon Buck Creek  Greenwvater

Upper Puyallup Electron Carbon South Prairie  White River Canal Buck Creek  Greenvater

Lower Puyallup South Prairie White River Canal Carbon Electron Greenwater  Buck Creek

Carbon Carbon Electron South Prairie White River Canal Buck Creek  Greenwater
Normal annual precipitation (NAP), in inches, for subbasins and rain gages, base period 1930-57

Subbasin NAP Rain gages NAP

Greenwater 90.69 Greenwater 56.54

Upper White 79.43 Buck Creek 60.00

Lower White 54.47 Carbon 59.55

South Prairie 60.89 White River Canal 48.14

Upper Puyallup 83.17 South Prairie 43.49

Lower Puyallup 47.40 Electron 66.25

Carbon 90.47

The subbasin NAP values were based on an
isohyetal map of mean annual precipitation for the State
of Washington (Soil Conservation Service, 1965). The
isohyets were digitized and overlaid on the subbasin
boundaries to compute the subbasin NAP (fig. 5).

Adjusting Meteorological Data Inputs for
Elevation

After time series of subbasin precipitation were com-
puted from station precipitation, the values were adjusted
for midpoint elevations of each snowband within the sub-
basin. In a similar manner, time series of temperature val-
ues at specific stations were adjusted by lapse rates to
midpoint elevations of subbasin snowbands.

As discussed earlier, precipitation generally increases
as elevation increases, but significant error would result if
a single linear equation were used to represent the eleva-
tion-precipitation relation for the entire Puyallup River
Basin. Figure 6 shows the relation defined for the
Puyallup River Basin as a whole and individually for each
subbasin as calculated from the isohyetal map shown on
figure 5. Local topography can cause the relations to vary
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considerably from subbasin to subbasin. Several
north-south ridges in the center of the Puyallup River
Basin tend to create rain shadows, resulting in les~ than
basin-average precipitation east of the ridges. For exam-
ple, the north-south trending Dalles Ridge defines the
western drainage divide of the upper Greenwater s'ibbasin,
resulting in a relation of decreased precipitation with
increasing elevation above 5,000 feet. Data point- defin-
ing each subbasin’s unique relation between precinitation
and elevation were coded into the subbasin’s fixed model
characteristics (ELP tables) and applied during every time
step to adjust the precipitation inputs for each snowband.

To reduce the amount of data input, only four of the
seven real-time temperature stations (fig. 3) (the Cayuse
Pass snow pillow site records temperature) were vsed in
the model. The three stations not used—Carbon River
near Fairfax, White River Canal, and Greenwater River
at Greenwater—were represented by nearby stations
Buck Creek Camp and South Prairie Creek. The data for
the four stations were applied to individual snowt-ands
during model runs and used to compute a time series of
temperature lapse rates. The lapse rates, in units of
degrees Fahrenheit for each 1,000-foot range in e'evation,



























In the Puyallup River Basin model there are two res-
ervoirs, Mud Mountain Lake and Lake Tapps, that can
store water and affect flows. The Eléctron diversion has
little storage capability and little effect on flows other than
slight changes in timing, most notable during low flows
when the travel time through the flume is less than through
the natural channel reach. The diversion of water from the
Puyallup River and through the Electron Powerhouse was
ignored in the Puyallup River Basin model because of its
small effect on flood flows in the river.

Routing through a reservoir is based on a user-pro-
vided table of discharge and storage for various levels of
stage in the reservoir. Free-flow outflow is determined
from the storage and relations between storage, stage,
and discharge. Controls on the simulated outflow, how-
ever, may be made by specifying a time series of outflow
discharges or reservoir stages. In the Puyallup River
Basin model, simulated outflow from Lake Tapps equals
observed discharge at Lake Tapps Diversion (station
number 12101100); and simulated outflow from Mud
Mountain Lake is computed using observed stage and a
relation of lake stage to storage—simulated outflow equals
the simulated inflow minus the change in storage. When
lake stage is missing (possible during real-time applica-
tions), simulated outflow from Mud Mountain Lake equals
the addition of the observed discharges of the White River
at Buckley (USGS station number 12100000) and of the
White River Canal at Buckley (USGS station number
12099000).

Generally, the controls on the simulated outflow are
used. During forecast model runs, the outflows for Mud
Mountain Dam, inflows to the White River Canal, and out-
flows for Lake Tapps must be estimated in order to use the
controls on simulated outflow. There are times when con-
trols should not be used for Mud Mountain Dam. With
controls, the simulated flows from Mud Mountain Dam
can be wildly unstable when there is little or no storage,
which is common during nonflood conditions. If the simu-
lated inflow is not enough to maintain specified outflows
or lake stage, then negative outflows are computed to con-
serve mass. At these points in time, the outflow or stage
often fluctuates dramatically from negative values to
unreasonably large positive outflows. If this problem
occurs, the model run can be rerun by specifying that the
storage remains constant, which causes free flow to
occur—outflow equals inflow.

The stage at several sites critical to PCRI operations is
determined from simulated discharges and the stage-dis-
charge relationships (ratings) at these sites. These sites
include Puyallup River near Orting (12093500), Carbon
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River at Orting (12095690), Puyallup River at 2 lderton
(12096500), White River near Auburn (121004¢4), and
Puyallup River at Puyallup (12101500).

Automated Adjustment of Simulated Runoff

The SSARR model can automatically adjust runoff
simulations for individual subbasins to the observed
record with the ADJUST command. The commnn use for
this command is to make adjustments to the observed gage
values of precipitation and and (or) temperature just prior
to a forecast model run to make sure that certair initial
conditions for the run, such as stream discharges, match
the observed conditions at the last time step for which the
observed data are available. By this method, much of the
error that may have accumulated prior to the forecast
model run is eliminated. These adjustments are not car-
ried forward into the forecast simulations.

In the first step of the automated adjustment proce-
dure, a time series of differences between simulated and
observed discharges is computed. The model uses these
differences and an attribution table (table ATTRI1 in the
Puyallup River Basin model) to estimate the error that
potentially can be corrected by changing the avzilable
water for runoff at a particular time. The estima*=d correc-
tion E; at time step i is computed as

E; = P,(5;-0,)

P 18170 )

+Pi+n(Si+n_0i+n)

) 3

where

P. is the percent of total runoff for time, i, from the

attribution table;
Si is simulated discharge for time i ;
O, is observed discharge for time i ; and
n is the number of time steps in the attribution

table.

The attribution table (fig. 9) is analogous to a unit hydro-
graph that defines the amount of runoff in a basin over
time for a given input of rainfall. The table, ATTR1, was
generated from a simulated unit hydrograph for the South
Prairie Creek Basin for a 24-hour period and is u~ed for all
the basins that use the ADJUST procedure.
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Figure 9. Simulated hourly subbasin runoff response to liquid water
input defined by attribution table ATTR1in the Puyallup River Basin

model, Washington.

The next and final step in the adjustment procedure is
to run a set of trial simulations in which lapse rate, temper-
ature, and precipitation are adjusted by varying amounts.
The first two are adjusted only if snow is present. The
model will iterate a specified number of times (10 in the
Puyallup River Basin model) or until a simulated dis-
charge is within a specified range (5 percent of observed
discharge for the Puyallup River Basin model). If the
model has undersimulated runoff (observed is greater than
simulated discharge) during a particular time period and
snow is present in the snowband, the lapse rate is first low-
ered within specified increments (0.5°F per 1,000 feet ele-
vation for the Puyallup River Basin model) to raise
basin-averaged temperature and increase snowmelt and
thus increase runoff. If more adjustment is needed to cor-
rect the undersimulation, temperature is increased by a
specified increment (0.5°F for the Puyallup River Basin
model), and finally if more adjustment is needed, precipi-
tation is increased by a specified increment (0.2 inch for
the Puyallup River model). The process is repeated until
the maximum allowable number of trials have been made
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or the error is within the specified tolerance. The tri=l with
the smallest squared-error of differences between s‘mu-
lated and observed is chosen by the SSARR model as the
final adjusted simulation.

In order for the ADJUST routine to work, a record of
observed basin outflow is needed, which limits the appli-
cation of the routine in the Puyallup River Basin mndel to
the South Prairie, Greenwater, upper Puyallup, Carbon,
and upper White subbasins. The observed record for the
upper White subbasin is obtained by subtracting the
observed flows at station number 12097500, Greenwater
at Greenwater, from observed flows at station number
12097850, White River below Clearwater River.

A different process is used to adjust simulated outflow
values for REACHS. At a “balancing” station called
PUYBAL, the differences between outflows from
REACHS and the observed discharge of the Puyall™»
River at the Puyallup gage (PUYOBS) is computed (see
fig. 8). Afterwards, the differences may be added to the
inflow to REACHS.



SIMULATION RESULTS

This section reports the results of simulations of eight
of the largest storms that occurred during the calibration
and validation period of this project (water years 1994
through 1997). The section also reports the results of sev-
eral sensitivity analyses and comparisons of simulated and
observed snow-water equivalent and precipitation, which
are provided to give readers a feel for the various sources
of errors and their relative magnitudes. This section
begins by describing the guidelines used to attain the final
calibrated SSARR model. They closely follow the meth-
ods used during real-time operation of the model, includ-
ing making simulations using the latest observed data,
generally 1 to 4 hours behind the current time. Forecast
operation of the model uses forecasted input data to make
54-hour simulations with 6-hour time steps beginning at
the end time of the most recent real-time simulation. The
results of forecast simulations are not given in this report
because the format, availability, and station location of the
forecast data points have changed several times through-
out this project.

Approach to Calibration and Validation of
the Numerical Model

To attain the final set of model characteristics and
tables, the investigation began with the characteristics and
tables supplied by the NWS for its model of the Puyallup
River Basin (preliminary model) and adjusted them as
necessary to reduce simulation error (differences between
the observed and simulated peak discharges and runoff
volumes). Calibration is a trial-and-error process that
involves adjusting parameter values until there is a reason-
able agreement between simulated and observed stream-
flow hydrographs. For the snow-accumulating parameters
not found in the NWS’s depletion version of the SSARR
model, default values were taken from the literature.
Because streamflows at the mouths of the lower White and
lower Puyallup subbasins were not gaged, parameters for
these subbasins were assigned values similar to their
nearby subbasins.

The procedures used for calibration and validation
model runs were the same as those that are expected to be
used for real-time simulations. Calibration and validation
simulations were begun on the beginning of the water
year, October 1, except for water year 1996, for which
simulations were begun on September 20 to account for an
unseasonably large amount of precipitation during the last
week of September 1995. Initial conditions specified for
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the subbasins represented the relatively dry soil conditions
at the end of summer in the Pacific Northwest. Initial con-
ditions of the reaches were based on average October 1
streamflow discharges for water years 1990 to 1996.

Real-time model operation uses 1-hour time steps in a
“storm” mode and 6-hour time steps when in a *“*ackup”
or “nonstorm” mode and for forecast model runs. For the
calibration and validation model runs, simulatiors were
run at a 6-hour time step until 4 days before the day of the
peak recorded at the upper basin stream gages. (Some-
times the peak discharge occurred later at downs‘team
gages because of regulation or travel time). The simula-
tion was stopped at midnight and then restarted vith a
1-hour time step (storm mode) and run for 8 day- If addi-
tional calibration peaks occurred in the water yezsr, simula-
tion restarted in backup mode until 4 days before the next
calibration. During real-time operation, the mod-1 would
generally be stopped at the last date when observed dis-
charge was available just before a flood was expected to
occur, and the automated adjustment procedures would be
used to correct the simulated values to agree with the
observed values. However, this was not done during cali-
bration and validation because it would mask errors in the
model that the calibration process is designed to correct.

Calibration of the flow routing in the reacher was lim-
ited to only two reaches, REACH2 and REACHY, because
observed discharge records were available for upstream
and downstream end points of only these two rezches. In
most floods, the flow velocities are relatively high on the
Puyallup River; therefore, the translation of the f nod peak
from the upstream end of a reach to the downstream end of
a reach is usually less than several hours. Also, when
floodwaters are contained within the river banks. channel
storage has minimal attenuating effects on discharge
peaks. Calibration of REACH2 and REACHS5 was done
with some of the highest available flows, which were all
contained within the banks or levees of the river, so the
differences between the upstream and downstream hydro-
graphs were small compared to errors in the simmlation of
runoff from the watersheds. It should be noted that an
actual large breach of a channel] bank or levee w!l likely
send flow into storage and increase the downstre~m travel
time of the peak. All of the reach calibrations were made
when the flow was entirely within the main chan+el; there-
fore, in the case of a channel bank or levee breach, the
simulated downstream peak may be higher and occur
sooner than the observed peak. Figure 10 shows observed
flow at the White River at Buckley gage representing the
upstream inflow to REACH2, observed flow at t~e White
River near Auburn gage, which represents the ortflow
from REACH2, and simulated outflow from REACH2.
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Figure 10. Simulated outflow discharge from REACH?2 of the Puyallup River Basin model,
simulated ungaged inflow to REACH2, observed upstream inflow to REACH2 at White River
at Buckley, and observed outflow at White River near Auburn during February 5-12, 1996,

Puyallup River Basin, Washington.

Simulated ungaged runoff from the lower White subbasin
was added at the upstream end of REACH2 (fig. 8). The
reach is 17 miles long but shows little attenuation of the
hydrograph. No error analysis was performed on the reach
calibrations.

Calibration and Validation of the Numerical
Model

Four storms were selected for use in calibration. The
first three occurred during the 1995 water year, and the
fourth was the February 1996 storm, an exceptionally
large event in the Puyallup River Basin. After a model
was calibrated, the parameters were held constant and
used to simulate runoff during four other storms desig-
nated as the validation period for the model. The valida-
tion storms included two 1996 water-year storms that
occurred before the February 1996 peak and two storms in
the 1997 water year.
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Snow-water equivalent (SWE) data for the Fetruary
1996 storm were available from the National Operztional
Hydrologic Remote Sensing Center (NOHRSC) of the
NWS. Adjustments of the snow-related parameters were
made during a series of model runs (calibrations) to match
the simulated SWE with the NOHRSC estimated S*VE as
well as possible. After these calibrations were made, these
parameters were held constant throughout all the addi-
tional calibration and validation runs.

The model showed a strong seasonal bias to urer-
simulate storm runoff volume and peak discharges during
late fall and early winter and to oversimulate these vari-
ables during late winter and early spring. The initi~l SMI
at the beginning of the water year was increased, and the
preliminary runoff percentage (ROP) tables were mndified
(fig. 11) to increase runoff early in the season and decrease
it late in the season.
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Figure 11. Preliminary and final runoff percentage (ROP) curves for the upper
Puyallup subbasin in the Puyallup River Basin model, Washington.

The preliminary model used a precipitation adjust-
ment weight of 100 percent (no adjustment) for all the
subbasins. In the final model, the precipitation adjustment
weight for the Carbon subbasin was increased to
120 percent because earlier model runs were consistently
underestimating runoff. Conversely, because earlier
model runs were consistently overestimating runoff from
the South Prairie and Greenwater subbasins, in the final
model, the precipitation adjustment weight for South
Prairie subbasin was reduced to 85 percent and the weight
for the Greenwater subbasin was reduced to 75 percent.

Comparison of Simulated Extent of Snow Cover
with Observed Extent

Direct measures of SWE in the Puyallup River Basin
are available for two sites with snow pillows: (1) Corral
Pass, operated by the Natural Resources Conservation
Service (data are usually gathered only from January to
June), and (2) Cayuse Pass, operated by the USGS. With
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data from only these two sites available, some fcrm of
indirect measurements of SWE was needed to ev~luate the
snowmelt contribution to runoff in order to calibrate the
snow parameters in the watershed model. This v-as done
for the February 1996 flood using gridded estimates of
SWE obtained from the NOHRSC estimates, Estimates
for February 1, 13, and 28, 1996, were obtained from the
NOHRSC internet web site.

The SWE values from the NOHRCS web si‘s were
estimated by a “modified elevation detrending” method
that uses satellite images of the extent of snow cover, a
digital elevation model, and observations of SW= where
they are available. Using all three sets of data, NMOHRSC
developed a linear relationship between elevatio~ and
SWE, and estimates of SWE were obtained for grid points
at a spacing of approximately 0.4 mile (0.6 kiloreter)
(Hartman, Rost, and Anderson, 1996). In that paper the
authors offer the following comment on their methodol-



ogy: “very little confidence should be placed on individual
pixel [grid] values. However when integrated with [in]
hydrologic basins, the results appear to be credible.”

‘When NOHRSC estimates of SWE were compared
with measured values of SWE at the Corral Pass site in the
Puyallup River Basin and two other Natural Resources
Conservation Service (NRSC)-operated sites in nearby
basins (unfortunately, no usable data were available from
the Cayuse Pass site for the February 1996 flood), there
was reasonable agreement between estimated and mea-
sured values of SWE (table 8). In this comparison, the
means of the NOHRSC estimates over representative
areas, which varied in size from 2.5 to 12.1 square miles
surrounding the snow-pillow sites, were used. Nine of the
12 NOHRSC estimates were within 3 inches of the
observed values; however, all of the estimates were less
than the observed values, with the largest difference
(19.4 inches) occurring on February 13 for Corral Pass,
the site at the highest elevation.

By use of GIS techniques, the subbasin total SWE and
elevation-zone totals were computed from the basin-wide
estimates of SWE from NOHRSC, thus allowing direct
comparison with simulated results. SWE values simulated
for subbasins are biased high in the high-elevation snow-
bands and biased low in the low-elevation snowbands, but
are in reasonably close agreement with the NOHRSC esti-

mates in the midelevation snowbands (table 9). Of the
five upper basins, the two lower elevation subbasin<.
South Prairie and Greenwater, generally had less simau-
lated SWE than the NOHRSC estimates, while the higher
elevation subbasins consistently had higher simulated
SWE values. Simulated values on February 13, 5 days
after the peak flooding, are almost all significantly larger
than the NOHRSC estimates. Adjustment of the srow
parameters, especially the snowmelt-rate-during-ra‘nfall
parameter, RMR, could have allowed more snow to melt
and reduced the simulated February 13th SWE values.
Several calibration runs were made to increase snovmelt,
but they resulted in simulated peak discharges unreason-
ably larger than the observed values. Consequently, a
value of RMR was chosen that compromised between
errors of oversimulating peak discharges and of oversimu-
lating snowmelt. Although there is an apparent bias of
oversimulating SWE in the upper elevations and under-
simulating SWE in the lower elevations, the final p~rame-
ters were not adjusted to remove the bias because the same
bias is indicated in the comparison of snow-pillow data
and NOHRSC estimates (table 8), and attempts to correct
the bias resulted in larger errors between observed and
simulated peak discharges. Again, the values repre<ent a
balance of errors between SWE values and peak discharge
values.

Table 8. Comparison of observed snow-pillow snow-water equivalent values and National Operational Hydrologic
Remote Sensing Center estimates of snow-water equivalent at three sites in or near the Puyallup River Basin,

Washington

[NOHRSC, National Operational Hydrologic Remote Sensing Center; NRCS, National Resource Conservation Service]

February 1, 1996 February 6, 1996 February 13, 1996 February 28, 199
NRCS Observed Observed Observed Observed
Station name snow-water snow-water snow-water snow-water
(elevation, in feet equivalent NOHRSC!  equivalent NOHRSC!  equivalent NOHRSC! equivalent NOHRSC!
above sea level) (inches)  (inches) (inches)  (inches) (inches)  (inches) (inches)  (inches)
Cougar Mountain 10.9 9.5 12.6 11.3 9.5 4.7 9.1 7.3
(3,200)
Morse Lake 31.2 29.7 36.6 338 38.1 35.6 43.8 41.1
(5,400)
Corral Pass 21.1 8.8 23.5 214 24.7 53 27.5 264
(6,000)

1Mean value of snow-water equivalent estimates for a representative area surrounding the snow-pillow site.
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Table 9. Snow-water equivalent for 5 upper basins and for all 13 elevation zones in the Puyallup River Basi~,
Washington, computed from National Operational Hydrologic Remote Sensing Center NOHRSC) estimates and
simulated by the Puyallup River Basin model, Washington, for 4 days in February 1996

Snow-water equivalent by subbasin, in inches

February 1, 1996

February 6, 1996

February 13, 1996 February 28 1996

Esti- Simu- Diffe- Esti-  Simu- Diffe- Esti-  Simu- Diffe- Esti-  Simu- Diffe-

Subbasin mated! lated? rence3 mated! lated? rence® mated! lated? rence’ mated! lated” rence’
Greenwater 100 73 -2.7 145 84 -6.1 6.6 76 +1.0 132 7.1 -6.1
Upper White 182 266 +8.4 199 288 +8.9 147 295 +14.8 228 306 +7.8
Upper Puyallup 155 205 +45.0 16.2 228 +6.6 104 244 +14.0 178 256 +7.8
Carbon 20.0 297 49.7 21.1 336 +12.5 124 364 +24.0 238 37.7 +139
South Prairie 76 28 4.8 60 32 -2.8 0.1 29 +28 55 33 -22

Snow-water equivalent by elevation, in inches

; February 1, 1996 February 6, 1996 February 13, 1996 February 28. 1996

Midpoint elevation* Esti-  Simu- Diffe- Esti-  Simu- Diffe-  Esti- Simu- Diffe- Esti-  Simu- Diffe-

(feet above sea level) mated lated® rence mated lated® rence mated lated® rence mated lated® rence
250 08 00 -0.8 06 0.0 -0.6 0.0 0.0 0.0 00 00 0.0
750 1.5 02 -1.3 2.1 0.0 -2.1 0.0 0.0 0.0 0.0 0.0 0.0
1,250 34 14 -2.0 40 05 -3.5 0.0 0.0 0.0 03 02 -01
1,750 35 20 -1.5 3.3 1.4 -1.9 0.1 0.0 -0.1 14 05 -09
2,250 50 21 -2.9 32 1.7 -1.5 04 0.1 -0.3 36 08 -28
2,750 66 24 4.2 64 25 -3.9 0.8 0.6 -0.2 74 11 -63
3,250 11.0 46 -6.4 9.1 6.4 2.7 14 45 +3.1 128 40 -88
3,750 149 9.0 -5.9 146 11.8 -2.8 34 108 +74 177 106 -7.1
4,250 18.1 19.1 +1.0 186 228 +4.2 7.6 23.8 +16.2 226 246 +20
4,750 214 259 445 23.8 299 +6.1 10.8 342 +234 278 357 +79
5,500 268 40.1 +13.3 319 444 +125 227 506 +279 352 56.6 +214
7,000 41.6 85.7 +44.1 50.1 91.1 +41.0 552 99.0 +43.8 51.6 90.2 +38.6
11,500 724 1380 +65.6 78.9 103.4 +24.5 108.5 159.5 +51.0 85.1 146.5 +614

INational Operational Hydrologic Remote Sensing Center (NOHRSC) estimated snow-water equivalent data.
ZSimulated snow-water equivalent from the Puyallup River Basin model.

3Difference between simulated and estimated snow-water equivalent values.
4Midpoint elevation of the elevation zones defined for the Puyallup River Basin model used in this investigation.
3 Areally weighted average of snow-water equivalent in the elevation zones of five subbasins in the Puyallup River Basin model.

Comparison of Observed and Simulated Runoff

Although the upper White subbasin was not gaged
directly, discharge from this subbasin for calibration was
obtained by subtracting the discharge from the Greenwater
subbasin (USGS station number 12097500) from the dis-
charge of the White River below Clearwater River (USGS
station number 12097850). Discharges of the White River
at Buckley (USGS station number 12100000) and of the
Puyallup River at Puyallup (USGS station number
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12101500) are heavily regulated and, therefore, not used
to calibrate runoff parameters. Calibration of the runoff
parameters focused on the five gaged subbasin-.

Many of the same patterns and maguitude: of errors
seen for the calibration storms were also seen for the vali-
dation storms. Two-thirds of the simulated peak dis-
charges were within 36 percent of the observed peak
discharge for the calibration peaks and within 30 percent
of the observed peak discharges for the validation peaks



(table 10). Two-thirds of the simulated runoff volumes for
the five gaged subbasins were within 17 percent of the
observed storm runoff volume for the calibration storms
and within 24 percent of the observed storm runoff volume
for the validation storms. Errors in simulating peak dis-
charge can be attributed to either incorrectly simulating
the amount of water available for runoff or incorrectly
simulating the runoff process, or both. Simulated and
observed storm runoff volumes were tabulated along with
peak discharges in order to assess whether errors in peak
discharge were due to incorrect simulation of runoff vol-
ume or incorrect runoff parameters.

Figure 12 shows the accuracy and bias of the simu-
lated peak flow and runoff volume from the five gaged
watersheds. More data points on each graph fall below the
equivalence line, indicating a bias to undersimulate both
runoff volume and peak discharge. However, the bias
appears to decrease with increasing peak flow and
runoff volume. The largest undersimulated flows
occurred for the second calibration storm, November 29
to December 3, 1994, when the differences between
simulated and observed runoff ranged from -8.1 to
-70.3 percent (table 10). Even so, the shapes of the simu-
lated hydrographs matched the shapes of the observed
hydrographs for this storm fairly well (fig. 13). There sim-
ply was insufficient recorded precipitation to match the
simulated runoff to the observed runoff no matter how
much the model parameters were adjusted. The calibrated
model simulated the largest peak (February 1996) well,
closely matching the shape of the hydrograph and the peak
(fig. 14).

The summation of errors (table 11) shows that the
model tends to undersimulate peak discharge as measured
by the bias. Bias is the average of the differences, either
positive or negative, and indicates whether the model is
oversimulating or undersimulating discharge. The bias is
strongly seasonal, despite efforts to reduce the seasonal
bias during the calibration process. For all the calibration
and validation peaks for the five gaged subbasins, there is
a-21.9 percent bias (-1,275 ft*/s) for those peaks that
occurred before January 1 of the water year and a
+23.4 percent bias (842 ft3/s) for those peaks after
January 1. The standard error of estimate (SEE) is the
standard deviation of the differences after accounting for
the bias. If the differences were normally distributed and
there were little or no bias, then about two-thirds of all the
differences would be less than or equal to the SEE.
Depending on the grouping of storms, values of SSE
range from 16.6 to 40.1 percent (table 11).
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Sources of Errors

This subsection discusses three possible reason-~ for
the errors in simulated peak discharges and runoff vol-
umes: (1) errors in the spatial distributions of tempe-ature,
precipitation, and SWE; (2) errors in the measurement and
calculation of observed discharge; and (3) errors in the
representation of the hydrologic runoff processes by the
conceptual model and the SSARR model. It is difficult to
quantify these errors, but some general comments about
each type of error are made in this subsection, and t'wee
sensitivity tests on the effects of precipitation and temper-
ature inputs and snow accumulation are described ir the
following subsection.

Four of the seven temperature stations provide tem-
perature inputs to the real-time model. The model error
due to these inputs was relatively small because the cho-
sen stations rarely had missing or bad records and t =
accuracy of the measurements was adequate (the manufac-
turer’s specifications state that measurements are ac~urate
within 0.2°F, and regular field checks showed that the
recorded temperatures generally were accurate within
0.5°F). Also the four chosen stations were adequate to
define the lapse rates for most of the runoff-producing
range in elevation. Lapse rates above 5,300 feet—t“e ele-
vation of Cayuse Pass, the highest temperature statinn—
may be in error, but the percentage of the area of the basin
above 5,300 feet and especially above 8,000 feet is small
and generally does not contribute much during wint=t
storms because most of the precipitation is snow. There-
fore, temperature errors in these high elevations probably
do not contribute significantly to runoff volume or
peak-discharge errors.

Precipitation inputs had a much larger potential to
create errors in the simulations than did the temperzture
inputs. Six precipitation stations were available to provide
precipitation inputs to the model. If all precipitation sta-
tions had acceptable records and were used, the pre~ipita-
tion network would represent a density of approximrately
one gage per 160 square miles, which may be inadeuate.
Also, experience has shown that it is common to have less
than all of the six stations with acceptable records bxcause
many of the gages are unheated and, therefore, misreport
actual precipitation during times of snowfall. Certzinly,
more precipitation gages located in the mid-to-upper ele-
vations that are reliable during snowfall would provide a
better measure of the true precipitation and most likely
improve the accuracy of runoff simulations.



Table 10. Observed and simulated storm runoff values per unit area and peak discharge of eight storms used for
calibration and validation of the Puyallup River Basin model, Washington

[ft3/s, cubic feet per second]

Storm runoff volume! Peak discharge

Difference Difference
Station Date of Date of Observed Simulsted ——— —  Observed Simulated

number runoff period peak (inches) (inches) (inches) (percent) (&3/5) (ft3/s) (ft3/s) (percent)

12093500 Puyallup River near Orting
Calibration
10/30 - 11/3/94 10/31 1.75 1.52 -0.23 -13.1 5,890 4420 -1,470 -25.0
11/29 - 12/3/94 11/30 2.03 1.12 -0.91 -44.8 5,130 1,870 -3,260 -63.5
02/18 - 22/95 02/19 2.32 2.30 -0.02 -0.9 3,840 5,190 +1,350 +35.2
02/07 - 11/96 02/08 7.38 7.08 -0.30 -4.1 18,300 19,800 +1,500 +7.7
Validation
11/27 - 12/1/95 11728 7.24 5.61 -1.63 -22.5 13,600 11,300 -2,300 -16.9
01/06 - 10/96 01/07 3.55 2.12 -1.43 -40.3 5,700 4,470 -1,230 -21.6
11726 - 30/96 11727 2.36 1.75 -0.61 -25.8 5,810 3,900 -1,910 <329
12/29 - 1/2/97 01/01 4.95 3.77 -1.18 -23.8 8,240 8,240 0 0
12094000 Carbon River near Fairfax
Calibration
10/30 - 11/3/94 10/31 2.83 2.36 -0.47 -16.6 4,900 4,250 -650 -13.3
11729 - 12/3/94 11/30 3.12 1.72 -1.40 -44.9 3,610 1,890 -1,720 -47.6
02/18 - 22/95 02/19 412 4.87 +0.75 +18.2 4,700 5,920 +1,220 +26.0
02/07 - 11/96 02/08 11.09 10.00 -1.09 -9.8 12,000 13,100 +1,100 +9.2
Validation
11/27 - 12/1/95 11728 10.66 8.81 -1.85 -174 10,100 7,090 -3,010 -29.8
01/06 - 10/96 01/07 3.79 3.03 -0.76 -20.1 4,160 4,200 - 40 +1.0
11/26 - 30/96 11727 3.57 2.50 -1.07 -30.0 4,540 3,450 -1,090 -24.0
12/29 - 172197 01/01 6.04 6.38 +0.34 +5.6 4,440 5010 +570 +12.8
12095000 South Prairie Creek at South Prairie
Calibration
10/30 - 11/3/94 10/31 0.99 1.26 +0.27 +27.3 1,400 1,390 - 10 -0.7
11/29 - 12/3/94 11/30 2.11 1.94 -0.17 -8.1 2,560 1,880 -680 -26.6
02/18 - 22/95 02/19 2.44 2.74 +0.30 +12.3 2,680 2,940 +260 +9.7
02/07 - 11/96 02/08 7.83 7.86 +0.03 +04 8,170 8,110 - 60 -0.7
Validation
11/27 - 12/1/95 11728 5.21 6.62 +1.41 +21.1 4,860 5,880 +1,020 +21.0
01/06 - 10/96 01/07 1.96 2.54 +0.58 +29.6 1,820 2,740 +920 +50.5
11/26 - 30/96 11/27 2.39 1.92 -0.47 -19.7 3,230 2,020 -1,210 -37.5
12/29 - 1/2/97 01/01 4.99 4.40 -0.59 -11.8 2,810 3,540 +730 +26.0
12097500 Greenwater River at Greenwater
Calibration
10/30 - 11/3/94 10/31 0.80 0.73 -0.07 -8.8 1,000 763 -237 -23.7
11/29 - 12/3/94 11/30 148 0.44 -1.04 -70.3 1,180 458 -722 -61.2
02/18 - 22/95 0219 1.96 2.15 +0.19 +9.7 1,330 2,260 +930 +69.9
02/07 - 11/96 02/08 6.48 6.30 -0.18 -2.8 5,900 5,660 -240 -4.1
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Table 10. Observed and simulated storm runoff values per unit area and peak discharge of eight storms used for
calibration and validation of the Puyallup River Basin model, Washington—Continued

Storm runoff volume! Peak discharge

Difference Difference
Station Date of Date of Observed Simulated ——— —————  Observed Simulated ——M

number runoff period peak (inches) (inches) (inches) (percent) (ft3/s) (f/s) (£6/s) (percent)

12097500 Greenwater River at Greenwater--Continued
Validation
11727 - 12/1/95 11/28 7.12 5.15 -1.97 -27.7 4,240 3,740 -500 -11.8
01/06 - 10/96 01/07 1.79 1.73 -0.06 -34 961 1,490 +529 +55.0
11/26 - 30/96 11/27 1.11 1.24 +0.13 +11.7 850 1,320 +470 +55.3
12/29 - 1/2/97 01/01 1.99 1.75 -0.24 -12.1 1,520 2,270  +750 +49.3
12097850 White River below Clearwater
Calibration
10/30 - 11/3/94 10/31 1.19 1.00 -0.19 -16.0 7,380 6,840 - 540 -13
11/29 - 12/3/94 11/30 1.58 0.49 -1.09 -69.0 7,330 2,930 -4,400 -600
02/18 - 22/95 02/19 2.09 2.11 +0.02 +1.0 7,600 13,100 +5,500 +72.4
Validation
11/27 - 12/1/95 11/28 4.70 5.09 +0.39 +8.3 20,500 18,500 -2,000 -11.7
01/06 - 10/96 01/07 1.81 1.56 -0.25 -13.8 6,000 7,290 +1,290 +21.5
12100000 White River at Buckley
Calibration
10/30 - 11/3/94 10/31 0.50 0.27 -0.23 -46.0 2,150 2,050 -100 -4.7
11/29 - 12/3/94 11/30 0.73 0.07 -0.66 -90.4 2,640 799 -1,841 -69.7
02/18 - 22/95 027 0.87 0.69 -0.18 -20.7 2,860 2,840 -20 -07
02/07 - 11/96 02/10 3.16 3.09 -0.07 -22 11,800 11,200 - 600 -5.1
Validation
11/27 - 12/1/95 12/01 2.78 2.65 -0.13 -4.7 13,700 11,600 -2,100 -15.3
01/06 - 10/96 01/08 1.19 0.54 -0.65 -54.6 4,630 3,300 -1,330 -287
11/26 - 30/96 11729 0.73 0.60 -0.13 -17.8 3,040 3,510 360 +15.5
12/29 - 1/2/97 12/31 2.70 1.26 -1.44 -53.3 9,480 8,990 -2,310 -5.2
12101500 Puyallup River at Puyallup
Calibration
10/30 - 11/3/94 10/31 1.20 1.06 -0.14 -11.7 13,400 11,100 -2,300 -17.2
11/29 - 12/3/94 11/30 1.43 1.12 -0.31 -21.7 14,000 9,790 -4,210 -301
02/18 - 22/95 02/19 1.95 2.01 +0.06 +3.1 19,200 16,800 -2,400 -125
02/07 - 11/96 02/09 5.31 5.59 +0.28 +53 46,700 45,700 -1,000 -21
Validation
11727 - 12/1/95 11/28 3.76 4.94 +1.18 +31.4 32,600 35,900 +3,300 +101
01/06 - 10/96 01/07 1.89 1.85 -0.04 -2.1 13,000 16,600 +3,600 -21
11/26 - 30/96 11/28 1.62 1.64 +0.02 +1.2 17,000 14,700 -2,300 -13.5
12/29 - 1/2/97 01/01 3.35 3.09 -0.26 -78 22,800 26,700 +3,900 +17.1

1Storm runoff volumes are the 5-day total of daily streamflow volumes for the period of each storm divided by the drainage area

_ cubic feet per second—days
RO = DA
mean daily discharges, and DA is the drainage area in square miles.

% 0.03719 , where RO is runoff in inches, cubic feet per second—day is the 5-days total of
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Table 17. Example of the quantitative precipitation file, SEA.QPF, and temperature forecast file, GRF.WMO, from
the National Weather Service for use in the Puyallup River Basin model, Washington

SEA.QPF

ZCZC SEAQPSSEA

ATTAAQ00 KSEA 071249

:FN 10:

P INTERNAL NWS PRODUCT FOR GUIDANCE PURPOSES ONLY.....:e0vovnn.

.B SEA 0208! DC110712

.B1 /DH18/PPQFZ /DRH+06/PPQFZ/DRH+12/PPQFZ/DRH+18/PPQFZ
.B2 /DRH+24 /PPQFZ/DRH+30/PPQFZ/DRH+36 /PPQFZ/DRH+42 /PPQFZ
.B3 /DRH+48 /PPQFZ/DRH+54 /PPQFZ/DRH+60/PPQFZ/DRH+66 /PPQFZ

PPN FORECAST PRECIPITATION (INCHES) ........vvtunvennnncennenaans :

**UPDATES- LEAVE PAST DATA AS ORIGINALLY FORECAST.

DAY]l-----=—m—m > DAY2-——mmmmmm e > DAY3-==wemm—————m >
2067 12z 182 00z 062 12Z 182 00Z 062 12Z 182 00%Z
UIL .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00

ABEW1 .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
FRAW1 .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
GLAW1 .05/ .05/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
MARW1 .10/ .10/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
VERW1 .05/ .05/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
SKYWl .05/ .05/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00
SEA .05/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ (.00/ .00/ .00/ .00
ENUW13 .05/ .75/ .75/ .60/ .20/ .00/ .00/ .00/ .00/ .00/ .00/ .00
sMp* .10/ .75/ .75/ .75/ .18/ .00/ .00/ .00/ .00/ .00/ .00/ .00
oHAW1S .10/ .80/ .70/ .80/ .30/ .00/ .00/ .00/ .00/ .00/ .00/ .00
CINWl .10/ .05/ .05/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00/ .00

GREWMO

FOUS14 KWBC 071200
GRF® W NGM MOS GUIDANCE 02/08/96 0600 UTCDAY

/NOV 7 /NOV 8 /NOV 9 /
HOUR 206 09 12 15 18 21 00 03 06 09 12 15 18 21 00 03 18 21
MN/MX 41 53 34 58

TEMP? 50 51 51 49 47 48 49 47 45 43 42 39 43 47 48 39 34 32 31
DEWPT 46 45 46 46 44 43 42 41 44 44 42 40 37 36 34 34 40 39 37
CLDs OV OV OV BK OV OV OV OV BK SC SC CL CL CL CL CL CL CL CL
WDIR 18 23 32 00 14 00 00 00 00 02 00 0O 00 00 00 00 00 00 0O
WSPD 03 05 04 00 01 00 00 00 00 01 00 00 00 00 00 00 00 00 00

POPO6 40 37 23 13 0 0 0 0 0
POP12 42 10 0 0
QPF 0/ 0/ 0/0 0/ 0/0 0/ 0/0 0/ 0/0
TSVO6 s/ 0 1/ 0 0/1 0/0 0/2 0/0 0/0 0/0 0/ 0
TSV12 5/ 0 0/ 0 0/ 2 1/ 0
PTYPE R R R R R R R R R R R R R R R
POSN 00 0 0 01 1 0 00 0 0 0 0 0
SNOW 0/ 0/ 0/0 0/ 0/0 0/ 0/0 0/ 0/0
CcIG 4 4 5 5 5 5 4 3 7 7 7 7 7
VIS 4 5 5 5 4 4 4 3 5 5 5 5 5
OBVIS F N NNUVFF F F NNN N

1Start date.

206Z or 06 = 6:00 a.m. (Greenwich Mean Time.)
3ENUWI1 = quantitative precipitation forecast for Enumclaw.

4sMmp = quantitative precipitation forecast for Stampede Pass.
SOHAW1 = quantitative precipitation forecast for Ohanapecosh.
SGRF = station code for Fort Lewis.

"TEMP = forecasted air temperatures.

49



5
=0
Ly [ Total = 6.61 inches ]
=0 - .
ez \ .I .I“““ s x “l 1
O 0 .
E-—m,oco : : y . : : - : — : .
o I UNADJUSTED MODEL RUN . 1
& 8,000 N ---- Simulated
/
@ - / AN —— Observed -
w-w
of
Ca
<
Sk
Ouw
Dp
0o
o
=
(5]
z
0 . o . | . . . L . . .
24hr 6 12 18 24hr 6 12 18 24hr 6 12 18 24hr
= 1 DECEMBER 29, 1996 30 31
Qu -
Fu r Total = 8.48 inches ]
I
g &} .
oz E .I. I“.“. ils . in 2 EEsm l........l 1
O 0
WZ19,000 ‘ : : . : : : : E— : .
a' ’ -~
I RN ADJUST MODEL RUN ]
o i s ~—-- Simulated
Z 8,000~ / N 4
@ ) / \‘ —— Observed |
it 6,000 .
Sy
Ca ]
I
w 4,000 -
Qi
09 1
2 2,000 -
o
z I )
0 . . . I . . . ! s . .
- 24hr 6 12 18 24hr 6 12 18 24hr 6 12 18 24hr
O, 05
b Total = 3.40 inches
I
EOQ
oz
(& 0
WZ10,000 — : : : : . , : , : : :
o ANl rm R T R A= I~ Ing ceesees i - i
- ya ~ FORECAST MODEL RUN Slmulated model run with fOI:ecasted i
= 8,000 Z\ N precipitation and temperature input |
g | AN ---- Simulated — model run with observed |
m_% \\';.,.‘ precipitation and temperature input i
e 6,000 BTy —— Observed
Ta )
i
4,000 -
o
O I
2 2,000 .
()
z i |
I A . . I . . P B L 1 L
24hr 6 12 18 24hr 6 12 18 24hr 6 12 18
31 JANUARY 1, 1997 2 3

Figure 17. Simulated discharge and subbasin precipitation results from three model runs for the upper
Puyallup subbasin in the Puyallup River Basin Model and observed discharge at Puyallup River near Orting,
station number 12093500, Pierce County, Washington.

50



SUMMARY

The U.S. Geological Survey (USGS), in cooperation
with Pierce County River Improvement (PCRI) of the
Pierce County Public Works and Utilities, has developed
an operational system for determining flood-alert and
flood-forecasting information for the Puyallup River
Basin. The system consists of a network of USGS-oper-
ated river discharge and stage, precipitation, and tempera-
ture gages equipped with real-time telemetry; a numerical
watershed and streamflow-routing model; and a computer
interface that runs the model and displays the results and
the flood-alert status. The system described in this report
provides PCRI with options to obtain both current and
54-hour forecasts of river discharges and stages so that the
agency can monitor impending flooding and deploy its
resources to the highest priority potential problem areas at
flood-control levees and other facilities that it is responsi-
ble for maintaining.

A conceptual model of flooding in the Puyallup River
Basin, developed from observed meteorological condi-
tions during the largest recorded peak flows, relies on five
factors identified as important to the magnitude and timing
of floods. (1) Topography strongly influences the precipi-
tation totals, with precipitation generally increasing with
increasing elevation. (2) Spatial patterns of precipitation
totals for individual storms may vary from the pattern
defined by annual totals. (3) Flooding is primarily associ-
ated with storms bringing heavy rain to the basin, but
snowmelt also contributes to flooding. (4) The extent of
snow cover and the freezing level during a storm are
important factors in controlling snowmelt contributions to
runoff. (5) Most soil moisture storage capacity must be
filled before major flooding can occur.

The Streamflow Synthesis and Reservoir Regulation
(SSARR) numerical watershed runoff and streamflow-
routing model was chosen for this study because of its
capability to make flood forecasts, its proven ability to
simulate river flows in the Puyallup River Basin and other
similar basins in the Pacific Northwest, its compatibility
with personal computers, its ability to simulate streamflow
regulation and diversions, and its ability to simulate floods
according to the conceptual model of the Puyallup River
Basin. The Puyallup River Basin was divided into seven
subbasins or watersheds, each containing its own set of
runoff parameters. Thirteen elevation bands further
divided the Puyallup River Basin into snowbands, in
which precipitation inputs are distributed according to
user-defined relations between precipitation and elevation
and temperature inputs are altered according to tempera-
ture lapse rates. An isohyet map of annual precipitation
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and a digital-elevation model were used to define aver-
age-annual subbasin precipitation and the relationships
between precipitation and elevation for each subbasin.

The SSARR model application was created from an
existing National Weather Service (NWS) SSARF model
application for the Puyallup River Basin by makir ¢ alter-
ations to accommodate a different version of the model
that simulates snow accumulation and melt and a finer net-
work of subbasins. Data from the current network of
stream gages during eight storms in the 1995, 199<. and
1997 water years were used to calibrate (four storms) and
validate (four storms) the numerical model. Durin< one of
the calibration storms (February 1996), peak disclt-arges at
many gaging sites were the highest ever recorded at the
gages. Geographic Information System coverages of
snow-water equivalent (SWE) of the basin’s snowpack
were available before, during, and after the Februzry 1996
storm from the National Operational Hydrologic P emote
Sensing Center NOHRSC). These coverages were found
generally to underestimate SWE when compared to mea-
surements at a few sites with snow pillows, especially at
the high elevation sites, but they provided the only
basin-wide estimates available for comparison to simu-
lated SWE from the Puyallup River Basin model.

Storm-volume-runoff and peak-discharge statistics
were calculated for the five gaged subbasins in the upper
portions of the basin for eight storms. Two-thirds of the
simulated peak discharges for the calibration storms were
within 36 percent of the observed peak discharge, and
two-thirds of the 5-day storm runoff volumes wer= within
17 percent of observed storm runoff volumes. For the val-
idation storms, the corresponding values were 24 percent
and 30 percent, respectively. There was a bias to under-
simulate peak discharges despite calibration efforts to
overcome this deficiency. A strong seasonal bias was
detected, resulting in a -21.9 percent bias for all tI= peaks
that occurred before January 1 of the water year a~d a
+23.4 percent bias for all peaks after January 1. Simulated
SWE also showed a bias for the February 1996 sto-m. The
SWE in the high-elevation zones was generally oversimu-
lated, and in the lower-elevation zones, it was unc'ersimu-
lated. The midelevation zones were in general ag-eement
with the NOHRSC estimates of SWE.

Tests using data from variously spaced precipitation
stations to estimate precipitation at a particular lozation
demonstrated the value of a relatively dense netw-rk of
reliable precipitation stations. Gages that are hea‘ed so
that they function during snowstorms are preferre. Tests
of the model’s sensitivity to number and location of pre-
cipitation stations used in the model produced ranges in



simulated peak discharges and runoff volume equal in
magnitude to the error in the calibrated model. Other sen-
sitivity tests showed that the accuracy of the model
increases when the number of temperature stations used in
the model is increased from two to four. Simulations of
one storm during which snowmelt contributed to runoff
showed that peak discharge and runoff volume were more
sensitive to underestimates than overestimates of prestorm
SWE.

The computer program SSARRMENU is a user inter-
face between the SSARR model and the real-time data
inputs to and outputs from the model. The interface is
used to access and obtain input data from ADAPS (a
USGS data-base program), make the model runs custom-
ized for the Puyallup River Basin, display the results with
time-series plots, and display the flood-alert status of
selected stations where discharges have exceeded thresh-
old values. Trials demonstrated the capabilities of the
mode] to make 54-hour forecasts of discharge based on
quantitative precipitation and temperature forecasts
acquired from the NWS. The model’s ability to simulate a
wide range of flood peaks seen during the calibration and
validation period and the Puyallup Flood-Alert System’s
customized interface for easy operation should greatly
enhance PCRI’s ability to quickly assess flooding poten-
tials. However, the accuracy of the discharges that it sim-
ulates can be no better than the accuracy of both observed
and forecasted precipitation inputs to the model.
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APPENDIX A. SSARR-CODE NAMES, CHARACTERISTICS FILE, AND TABLED
CHARACTERISTICS

The following includes a listing of the SSARR-code names for all the time series used in the model, a
listing of the characteristic file for the final Puyallup River Basin model including the adjust REACHS5

model (ADJRCHS5) and the river stage ratings, and a listing of the tabled characteristics. The

characteristic file, adjust REACH5 model, river stage ratings, and the tabled characteristics are used in

conjunction with a job card and time-series data to make model runs with the SSARR model.

SSARR-code names for time series used in the Puyallup River Basin model

Subbasins

UPPUY
LWPUY
UPWHT
LWWHT
SOPRE
CARBON
GRNWTR

Subbasin precipitation
Upper Puyallup River Subbasin UPPP
Lower Puyallup River Subbasin LPUP
Upper White River Subbasin UPWP
Lower White River Subbasin LWHP
South Prairie Creek Subbasin SOPP
Carbon River Subbasin CARP
Greenwater River Subbasin GRNP

Observed precipitation

BUCP
ELEP
SOPR
CARB
WHTP
GNWP

Buck Creek. Camp Meteorological Site Station Number 470118121330800
Puyallup River at Electron, Station Number 1209200

South Prairie Creek, Station Number 12095000

Carbon River. near Fairfax, Station Number 12094000

White River Canal, Station Number 12099000

Greenwater River at Greenwater, Station Number 12097500

Observed temperature

BUCT
ELET
SPRT
CAYU
GNWT
CART

Buck Creek Camp Meteorological Site
Puyallup River at Electron

South Prairie Creek at South Prairie
Cayuse Pass Snow Pillows
Greenwater River at Greenwater
Carbon River near Fairfax

Forecasted temperature

STMP
FTLT

Stampede Pass
Fort Lewis

Simulated discharge

UPPUY (basin outflow)
CARBON (basin outflow)
SOPRE (basin outflow)
GRNWTR (basin outflow)
SUM1Q (summation point)
MMDQ (reservoir outflow)

CANAL (CANALB outflow) -

SUM2Q (summation point
TAPPSQ (reservoir outflow)
PUYSIM (REACHS outflow)
PUYDIF (difference between
PUYOBS and PUYSIM)

Observed discharge

ORTOBS - Puyallup River near Orting, Station Number 12093500

CRFOBS - Carbon River near Fairfax, Station Number 12094000
SOPOBS - South Prairie at South Prairie, Station Number 12095000
GRNOBS - Greenwater River at Greenwater, Station Number 12097500
WBCOBS - White River below Clearwater, Station Number 12097850
WNBOBS - White River near Buckley, Station Number 12098500
(not available for real-time)
WCBOBS - White River Canal at Buckley, Station Number 12099000
WBQOBS - White River at Buckley, Station Number 12100000
LTDOBS - Lake Tapps Diversion, Station Number 12101100
PUYOBS - Puyallup River at Puyallup, Station Number 12101500
MCQOBS - addition of flows (WCBOBS + WBQOBS)
WCQOBS - subtraction of flows (WBCOBS - GRNOBS)

54



SSARR-code names for time series used in the Puyallup River Basin model--Continued

Simulated stage

ORSSIM (ORSSTG rating)
CRSSIM (CRSSTG rating)
PASSIM (PASSTG rating)
MMDE

WASSIM (WASSTG rating)
TAPPSE

PUSSIM (PUSSTG rating)

Observed stage

ORSOBS - Puyallup River near Orting, Station Number 12093500

CRSOBS - Carbon River at Orting, Station Number 12095690

PASOBS - Puyallup at Alderton, Station Number 12096500

MMDOBS - Forebay elevation, Mud Mountain Lake, Station Number 12098C"
WASOBS - White River near Auburn, Station Number 12100496

TAPOBS - Lake Tapps near Sumner, Station Number 12101000

PUSOBS - Puyallup River at Puyallup, Station Number 12101500
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Puyallup River Model Characteristic File

ZC1l UPPUY UPPER_PUYALLUP_RIVER 169 SQ. MI.

NM, DA, SBND, NPS, TSS,NPSS, TSSS, NPBF, TSBF, NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLIM
Z2C2 UPPUY,169,13,4,2.5,2,30.,3,60.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 UPPUY, ELPUPU, MRCR, .98, .84, .100, .03, .9,6000,3.3

NAME, SMI, BFP,S/SS, EKE, ETP, DKE, ETMO
ZC4 UPPUY, SM21,BI79,SS07,KE04, ETPPUY, DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
ZC5 UPPUY, .2,32,34,.017, .033,GMLT, ETIPCT, 2,60, .4

NAME, MRPCT,OBS-STA
ZC6 UPPUY,MRPCT, ORTOBS

NAME, ELEV1,AREAl, ELEV2,AREA2, ELEV3, AREA3, ETC.
Zcp UPPUY,0,0.0,500,0.9,1000,11.9,1500,18.6,2000,35.6,2500,47.1,3000,54.9,3500,
ZCp UPPUY,61.6,4000,69.6,4500,78.2,5000,84.5,6000,90.8,8000,96.5,15000,100.0

NAME, PERCENT-AREAL, PERCENT-AREA2 , PERCENT-AREA3, ETC FOR EACH BAND
ZCAa UpPUY,0.9,11.0,6.7,17.0,11.5,7.8,6.7,8.0,8.6,6.3,6.3,5.7,3.5

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE

NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2, FLOW-PHS3, ETC.
z2s8 UPPUY,,1,5,10,20°

SUBSURFACE
NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3, ETC.
Z2S8S UPPUY,, 20,20

BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z22B UPPUY,, 100,100,100

LOWERZONE
NAME, TIME-DATE, FLOW
Z2LZ UPPUY, , 200,200

SNOWBANDS .
NAME, TIME, ROP, BFP,CC, SLIQW,ATIMR, ATICC,WE, SMI,BII, TINT
Zz201 uppPUY,,,,0,0,60,0,0.0,2.0,0,.1

z202 uppUY,,,,0,0,60,0,0.0,2.0,0,.1
z203 vuppPUY,,,,0,0,55,0,0.0,2.0,0,.1
Zz204 uppUY,,,,0,0,50,0,0.0,2.0,0,.1
Zz205 uppUY,,,,0,0,45,0,0.0,2.0,0,.1
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2206 uppUY,,,.0,0,40,0,0.0,2.0,0,.1
z207 uppuv,,,,0,0,35,0,0.0,2.0,0,.1
z208 uppuyvy,,,,0,0,30,0,0.0,2.0,0,.1
2209 uppUY,,,,0,0,25,0,0.0,2.0,0,.1
z210 uppUuY,,,.0,0,20,0,0.0,2.0,0,.1
Z211 uepUY,,,,0,0,15,0,2.0,2.0,0,.1
Z2212 upepuy,,,,0,0,10,0,5.0,2.0,0,.1
Z213 uppPUY,,,.,0,0,5,0,20.0,2.0,0,.1

HYDROMET STATIONS
BASIN NAME, DATA CODE, STA.NAME,WEIGHT,DATA CODE, STA.NAME,WEIGHT, ETC.
ZCH UPPUY, 4,ELET,100,4,CAYU,100,3,UPPP, 100

ZC1 SOPRE SOUTH_PRAIRIE_CREEK_BASIN

NM, DA, SBND, NPS, TSS, NPSS, TSSS, NPBF, TSBF, NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLII*
2C2 SOPRE,90.2,11,3,3.0,3,6.,2,40.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 SOPRE, ELPSOP, MRCR, .98, .84, .100,.03,.9,6000,3.3

NAME, SMI, BFP, S/SS, EKE, ETP, DKE, ETMO
ZC4 SOPRE, SM17,BI79,SS81,KE04, ETPMMD, DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
ZC5 SOPRE, .2,32,34,.017,.033,GMLT,ETIPCT, 2,60, .4

NAME, MRPCT,OBS-STA
ZC6 SOPRE,MRPCT, SOPOBS

NAME, ELEV1, AREAl, ELEV2, AREA2, ELEV3, AREA3, ETC.
ZCP SOPRE,0,0.0,500,.7,1000,17.4,1500,31.7,2000,51.1,2500,64.1,3000,74.0
ZCP SOPRE, 3500,82.2,4000,89.6,4500,95.3,5000,98.8,6000,100.0

NAME, PERCENT-AREA1, PERCENT-AREA2, PERCENT-AREA3, ETC FOR EACH BAND
ZCA SOPRE, .7,16.7,14.3,19.4,13.0,9.9,8.2,7.4,5.7,3.5,1.2

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE

NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2, FLOW-PHS3, ETC.
Z2S SOPRE,,1,5,10

SUBSURFACE
NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3, ETC.
Z2SS SOPRE,,10,10,10

BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z2B SOPRE,, 50,50

LOWERZONE

NAME, TIME-DATE, FLOW
Z2LZ SOPRE,,0,0
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SNOWBANDS
NAME, TIME, ROP, BFP, CC, SLIQW, ATIMR, ATICC, WE, SMI, BII, TINT
2201 SOPRE,,,,0,0,60,0,0.0,2.0,0,.1

z202 SOPRE,,,,0,0,60,0,0.0,2.0,0,.1
2203 SOPRE,,,,0,0,55,0,0.0,2.0,0,.1
2204 SOPRE,,,,0,0,50,0,0.0,2.0,0,.1
2205 SOPRE,,,,0,0,45,0,0.0,2.0,0,.1
2206 SOPRE,,,,0,0,40,0,0.0,2.0,0,.1
Z207 SOPRE,,,,0,0,35,0,0.0,2.0,0,.1
Z2208 SOPRE,,,,0,0,30,0,0.0,2.0,0,.1
2209 SOPRE,,,,0,0,25,0,0.0,2.0,0,.1
Z210 SOPRE,,,,0,0,20,0,0.0,2.0,0,.1
Z211 SOPRE,,,,0,0,15,0,2.0,2.0,0,.1

HYDROMET STATIONS
BASIN NAME, DATA CODE, STA.NAME,WEIGHT, DATA CODE, STA.NAME, WEIGHT, ETC.
ZCH SOPRE, 4, SPRT, 100, 4, ELET, 100, 3, SOPP, 85

ZC1l CARBON CARBON_RIVER_BASIN

NM, DA, SBND, NPS, TSS, NPSS, TSSS, NPBF, TSBF, NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLTM
ZC2 CARBON,80.0,1%1,3,3.0,3,6.,2,40.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 CARBON, ELPCRB,MRCR3, .98, .84, .200,.03,.9,6000,3.3

NAME, SMI, BFP, S/SS, EKE, ETP, DKE, ETMO
ZC4 CARBON, SM21,BI79,SS81,KE(04, ETPMMD, DKE, ETM

0 NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
ZC5 CARBON, .2,32,34,.017, .033,GMLT, ETIPCT,6 2,60, .4

NAME, MRPCT,OBS-STA
7ZC6 CARBON, MRPCT, CRFOBS

NAME, ELEV1,AREAl,ELEV2, AREA2, ELEV3, AREA3, ETC.
ZCP CARBON, 1000,0.0,1500,2.2,2000,10.7,2500,18.8,3000,28.1,3500,38.7,4000,50.5
ZCP CARBON, 4500,63.2,5000,75.0,6000,89.2,8000,96.3,16000,100.0
ZCA CARBON,2.2,8.5,8.1,9.3,10.6,11.8,12.7,11.8,14.2,7.1,3.7

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE

NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2, FLOW-PHS3, ETC.
Z2S CARBON,,1,5,10

SUBSURFACE
NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3 , ETC.
Z2SS CARBON, ,10,10,10

BASEFLOW

NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z2B CARBON, ,50,50
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LOWERZONE
NAME, TIME-DATE, FLOW
Z2LZ CARBON,,100,100

SNOWBANDS

NAME, TIME, ROP, BFP,CC, SLIQW, ATIMR, ATICC, WE, SMI,BII, TINT
Z2201 CARBON,,,,0,0,55,0,0.0,2.0,0,.1
2202 CARBON,,,,0,0,50,0,0.0,2.0,0,.1
2203 CARBON,,,,0,0,45,0,0.0,2.0,0,.1
Z204 CARBON,,,,0,0,40,0,0.0,2.0,0,.1
Z205 CARBON,,,,0,0,35,0,0.0,2.0,0,.1
2206 CARBON,,,,0,0,30,0,0.0,2.0,0,.1
Z207 CARBON,,,,0,0,25,0,0.0,2.0,0,.1
7208 CARBON,,,,0,0,20,0,0.0,2.0,0,.1
Z209 CARBON,,,,0,0,15,0,2.0,2.0,0,.1
2210 CARBON,,,.0,0,10,0,5.0,2.0,0,.1
z211 CARBON,,,,0,0,5,0,20.0,2.0,0,.1

4 ’ -

HYDROMET STATIONS
BASIN NAME,DATA CODE, STA.NAME, WEIGHT, DATA CODE, STA.NAME, WEIGHT, ETC.
ZCH CARBON, 4, ELET, 100, 3,CARP, 120

ZCl LWPUY LOWER_PUYALLUP_RIVER_BASIN

NM, DA, SBND, NPS, TSS, NPSS, TSSS, NPBF, TSBF, NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLIN
zC2 LwWPUY,129,8,4,10.,3,10.,3,60.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 LWPUY, ELPLPU,MRCR3, .98, .84, .200,.03,.9,6000,3.3

NAME, SMI, BFP,S/SS, EKE, ETP, DKE, ETMO
Z2C4 LWPUY,SM17,BI31,SS80,KE03, ETPPUY, DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
ZC5 LWPUY, .2,32,34,.017,.033,GMLT,ETIPCT, 2,60, .4

NAME, MRPCT,OBS-STA
ZC6 LWPUY,MRPCT

NAME, ELEV1,AREAl, ELEV2, AREA2, ELEV3,AREA3, ETC.
ZCP LWPUY,0,0.0,500,41.0,1000,72.1,1500,79.5,2000,88.0,2500,95.1,3000,98.9,
ZCP LWPUY,3500,99.9,4000,100.0
ZCA LWPUY,41.0,31.1,7.4,8.5,7.1,3.8,1.0,0.1

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE
NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2 , FLOW-PHS3, ETC.

Z2s LwPUY,,1,2,5,10

SUBSURFACE

NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3, ETC.
Z28sS LWPUY,,5,5,10
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BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z2B LWPUY,,10,10,10

LOWERZONE
NAME, TIME-DATE, FLOW
Z22LZ LWPUY,,0,0

SNOWBANDS
NAME, TIME, ROP, BFP, CC, SLIQW, ATIMR, ATICC,WE, SMI,BII, TINT

z201 LwWpPUY,,,,0,0,60,0,0.0,2.0,0,.1
7202 LWPUY,,,,0,0,60,0,0.0,2
z203 LwWPUY,,,,0,0,55,0,0.0,2
z204 LWPUY,,,,0,0,50,0,0.0,2
z205 LWPUY,,,,0,0,45,0,0.0,2.
0,2
0,2
0,2

’ r -

’ 1.
’ .

I3 .

2206 LWPUY,,,,0,0,40,0,0.
2207 LwpUY,,,,0,0,35,0,0.
2208 LwpUY,,,,0,0,30,0,0.
HYDROMET STATIONS
BASIN NAME,DATA CODE, STA.NAME, WEIGHT,DATA CODE, STA.NAME,WEIGHT, ETC.
ZCH LWPUY, 4,SPRT, 100, 3,LPUP, 100

7 7.

’ ‘.

cococoocoo
coocoococococo
PR P RRRER

’ AR

ZC1 GRNWTR GREENWATER_RIVER_BASIN

NM, DA, SBND, NPS, TSS, NPSS, TSSS, NPBF, TSBF, NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLIM
ZC2 GRNWTR,75.8,9,4,2.5,2,30.,3,60.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 GRNWTR, ELPGWT, MRCR3, .98, .84, .100,.03,.9,6000,3.3

NAME, SMI,BFP, S/SS, EKE, ETP, DKE, ETMO
ZC4 GRNWTR, SM17,BI37,SS80,KE03, ETPMMD, DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT , WEMAX
ZC5 GRNWTR, .2,32,34,.017, .033,GMLT, ETIPCT, 2,60, .4

NAME, MRPCT, OBS-STA
ZC6 GRNWTR, MRPCT, GRNOBS

NAME, ELEV1,AREAl, ELEV2, AREA2, ELEV3, AREA3, ETC.
ZCP GRNWTR,1000,0.0,1500,3.2,2000,10.0,2500,20.7,3000,34.1,3500,50.6,4000,69.1,
ZCP GRNWTR, 4500,84.1,5000,99.0,6000,100.0,8000,100.0
ZCA GRNWTR,3.2,6.8,10.7,13.4,16.5,18.5,15.0,14.9,1.0

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE
NAME, TIME-DATE, FLOW-PHS1 , FLOW-PHS2, FLOW-PHS3, ETC.

225 GRNWTR,,1,5,10,10

SUBSURFACE

NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3, ETC.
22SS GRNWTR, ,10,10
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BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z2B GRNWTR, ,50,50,50

LOWERZONE
NAME, TIME-DATE, FLOW
Z2LZ GRNWTR,,0,0

SNOWBANDS

NAME, TIME, ROP, BFP,CC, SLIQW, ATIMR, ATICC,WE, SMI,BII, TINT
2201 GRNWTR,,,,0,0,50,0,0.0,2.0,0,.1
Z202 GRNWTR,,,,0,0,45,0,0.0,2.0,0,.1
2203 GRNWTR,,,,0,0,40,0,0.0,2.0,0,.1
2204 GRNWTR,,,,0,0,35,0,0.0,2.0,0,.1
2205 GRNWTR,,,,0,0,30,0,0.0,2.0,0,.1
2206 GRNWTR,,,,0,0,25,0,0.0,2.0,0,.1
Z2207 GRNWTR,,,,0,0,20,0,0.0,2.0,0,.1
z208 GRNWTR,,,,0,0,15,0,2.0,2.0,0,.1
Z2209 GRNWTR,,,,0,0,10,0,5.0,2.0,0,.1

HYDROMET STATIONS
BASIN NAME,DATA CODE, STA.NAME,WEIGHT,DATA CODE, STA.NAME, WEIGHT, ETC.
ZCH GRNWTR, 4,BUCT, 100, 3,GRNP, 75

ZCl UPWHT UPPER_WHITE_RIVER_BASIN

NM, DA, SBND, NPS, TSS, NPSS, TSSS, NPBF, TSBF,NPLZ, TSLZ,BIITS, BIIMX, BFLIM, PBLZ, DGLIM
zC2 UPWHT, 299,11,4,2.5,2,30.,3,60.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
ZC3 UPWHT, ELPUWT, MRCR, .98, .84, .100,.03,.9,6000,3.3

NAME, SMI, BFP,S/SS, EKE, ETP, DKE, ETMO
ZC4 UPWHT, SM21,BI37,SS80,KEQ03, ETPMMD, DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
ZC5 UPWHT, .2,32,34,.017,.033,GMLT, ETIPCT, 2,60, .4

NAME, MRPCT,OBS-STA
ZC6 UPWHT, MRPCT,WCQOBS

NAME, ELEV1, AREAl, ELEVZ, AREA2, ELEV3, AREA3, ETC.
ZCP UPWHT,1000,0,1500,1.6,2000,6.8,2500,14.8,3000,25.2,3500,36.7
ZCP UPWHT, 4000, 48.5,4500,60.7,5000,70.8,6000,88.1,8000,97.80,15000,100.0
ZCA UPWHT,1.6,5.2,8.0,10.4,11.5,11.8,12.2,10.1,17.3,9.7,2.2

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE
NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2, FLOW-PHS3, ETC.

Z2s UPWHT,,1,5,20,50

SUBSURFACE

NAME, TIME-DATE, FLOW-PHSS1, FLOW-PHSS2 , FLOW-PHSS3, ETC.
Z2S8S UPWHT, , 20,20
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BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2 , FLOW-PHBF3, ETC.
Z2B UPWHT,, 100,100,100

LOWERZONE
NAME, TIME-DATE, FLOW
Z2LZ UPWHT,, 200,200

SNOWBANDS
NAME, TIME, ROP, BFP,CC, SLIQW, ATIMR, ATICC,WE, SMI,BII, TINT
Z201 UPWHT,,,,0,0,55,0,0.0,2.0,0,.1

Z2202 UPWHT,,,,0,0,50,0,0.0,2.0,0,.1
7z203 UPWHT,,,,0,0,45,0,0.0,2.0,0,.1
z204 UPWHT,,,,0,0,40,0,0.0,2.0,0,.1
Zz205 UPWHT,,,.,0,0,35,0,0.0,2.0,0,.1
z206 UPWHT,,,,0,0,30,0,0.0,2.0,0,.1
Zz207 UPWHT,,,,0,0,25,0,0.0,2.0,0,.1
Zz208 UPWHT,,,,0,0,20,0,0.0,2.0,0,.1
Zz209 UPWHT,,,,0,0,15,0,2.0,2.0,0,.1
z210 UPWHT,,,,0,0,10,0,5.0,2.0,0,.1
Zz211 UPWHT,,,,0,0,5,0,20.0,2.0,0,.1

HYDROMET STATIONS
BASIN NAME,DATA CODE, STA.NAME,WEIGHT,DATA CODE, STA.NAME,WEIGHT, ETC.
ZCH UPWHT, 4, BUCT, 100, 4,CAYU, 100, 3,UPWP, 100

ZCl LWWHT LOWER _WHITE_RIVER_BASIN

NM, DA, SBND, NPS, TSS,NPSS, TSSS, NPBF, TSBF,NPLZ, TSLZ, BIITS, BIIMX, BFLIM, PBLZ, DGLIM
2C2 LWwHT, 106,10,4,10.,3,10.,3,60.,2,1000.,36.,2.0,.05,0,0,

NAME, EL-PT, SMR-CR, TIPMR, TIPM, RMR, PLWHC, SNETF, ELINT, LAPSE
Z2C3 LWWHT, ELPLWT, MRCR3, .98, .84, .200,.03,.9,6000,3.3

NAME, SMI, BFP, S/SS, EKE, ETP, DKE, ETMO
Z2C4 LWWHT,SM17,BI31,SS80,KE03,ETPPUY,DKE, ETM

NAME, TINTMX, BASE, PXTEMP, PMIN, PMAX, GMLT, ETIPCT, WEMIN, WEPCT, WEMAX
Z2C5 LWWHT, .2,32,34,.017,.033,GMLT, ETIPCT, 2,60, .4

NAME, MRPCT,OBS-STA
ZC6 LWWHT,MRPCT

NAME, ELEV1,AREAl, ELEV2,AREA2Z,ELEV3,AREA3,ETC.
ZCP LWwHT,0,0,500,15.0,1000,59.1,1500,73.8,2000,81.7,2500,87.0,3000,92.0
ZCP LWWHT, 3500,96.0,4000,98.2,4500,99.6,5000,100.0
ZCA LWWHT,15.0,44.1,14.7,7.9,5.3,5.0,4.0,2.2,1.4,0.4

INITIAL CONDITIONS: (IF DATE MISSING, START TIME FROM T CARD USED)
SURFACE
NAME, TIME-DATE, FLOW-PHS1, FLOW-PHS2, FLOW-PHS3, ETC.

Z2S LWWHT,,1,2,5,10
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SUBSURFACE
NAME, TIME~-DATE, FLOW-PHSS1, FLOW-PHSS2, FLOW-PHSS3, ETC.
Z2SS LWWHT,,5,5,10

BASEFLOW
NAME, TIME-DATE, FLOW-PHBF1, FLOW-PHBF2, FLOW-PHBF3, ETC.
Z2B LWWHT,,10,10,10

LOWERZONE

NAME, TIME-DATE, FLOW
Z2LZ LWWHT,,0,0

SNOWBANDS

NAME, TIME, ROP, BFP, CC, SLIQW, ATIMR, ATICC,WE, SMI,BII, TINT
Zz201 LwwHT,,,,0,0,60,0,0.0,2.0,0,.1
Zz202 LwWwHT,,,,0,0,60,0,0.0,2.0,0,.1
Z203 LwWwHT,,,,0,0,55,0,0.0,2.0,0,.1
z204 LWwHT,,,,0,0,50,0,0.0,2.0,0,.1
Z205 LwWwHT,,,,0,0,45,0,0.0,2.0,0,.1
z206 LwwHT,,,,0,0,40,0,0.0,2.0,0,.1
z207 LWWHT,,,,0,0,35,0,0.0,2.0,0,.1
z208 LwwHT,,,,0,0,30,0,0.0,2.0,0,.1
Z209 LwWwHT,,,,0,0,25,0,0.0,2.0,0,.1
z210 LWWHT,,,,0,0,20,0,0.0,2.0,0,.1

HYDROMET STATIONS
BASIN NAME,DATA CODE, STA.NAME,WEIGHT,DATA CODE, STA.NAME, WEIGHT, ETC.
ZCH LWWHT, 4, SPRT, 100, 3,LWHP, 100

NAME, ELEV, SNW-WT, PX-TEMP

ZH SPRT, 400,100,335
ZH ELET,1633,100,35
ZH BUCT,2638,100,35
ZH CAYU,5300,100,35
ZH STMP,3958,100,35
ZH FTLT,280,100,35
RUN CONTROL (L=PRINT INDIVIDUAL SNOWBAND RESULTS, S=SUPPRESS BASIN PRINTOUTS,
BUPD=OPEN BULK FILE-ZBSTORE COMMANDS)
ZR L 7

REACH CHARACTERISTICS

CC01 WBQOBS 1 OBSERVED DISCHARGE-WHITE R. AT BUCKLEY
CC01 GRNOBS 1 OBSERVED DISCHARGE-GREENWATER R.

CC01 WBCOBS 1 OBSERVED DISCHARGE-WHITE R. BLW CLEARWATER
CC01 WCBOBS 1 OBSERVED DISCHARGE-WHITE R. CANAL

CC01 WCQOBS 1 OBS. CALCULATED DISCHARGE: WBCOBS - GRNOBS
CCO01 MCQOBS 1 OBS. CALCULATED DISCHARGE: WBQOBS + WCBOBS
CCO01 LTDOBS 1 OBSERVED DISCHARGE-LAKE TAPPS DIVERSION
CCO01 ORTOBS 1 OBSERVED DISCHARGE-PUYALLUP R. NR. ORTING
CCO01 CRFOBS 1 OBSERVED DISCHARGE-CARBON R. NR. FAIRFAX
CC01 SOPOBS 1 OBSERVED DISCHARGE-SOUTH PRAIRIE CREEK
CC01 PUYOBS 1 OBSERVED DISCHARGE-PUYALLUP R. AT PUYALLUP
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CCc01 MMDOBS
CC01 WASOBS
CC01 WWBOBS
CC01 WBSOBS

OBSERVED FOREBAY ELEV.-MUD MTN.LAKE
OBSERVED STAGE-WHITE R. NEAR AUBURN
OBSERVED STAGE-WHITE R. WILLIAMS BRIDGE
OBSERVED STAGE-WHITE R. AT BUCKLEY
CC01 CRSOBS OBSERVED STAGE-CARBON RIVER AT ORTING
CC01 PASOBS OBSERVED STAGE-PUYALLUP R. AT ALDERTON
CC01 TAPOBS 1 OBSERVED STAGE-LAKE TAPPS NR SUMNER

Sum Point above Mud Mountain Dam at Station No. 12097850
CCc01 suMl

Sum Point at White River Canal Diversion
CC01 sumMm2

Sum Point at Mouth of White River
CC01 SUM3

White River Canal as an adjacen station to REACH1
CC01 CANALA
CC0O01 CANALB

The "1" in column 15 specifies the outflow is multiplied

by -1, and therefore, water is subtracted from SUM2
CC02 CANALB 1

Sum Point at confluence of South Prairie and Carbon River
CC01l sSumM4

Sum Point at confluence of Carbon River and Puyallup River
CC01 SUM5

Sum Point of White River and Puyallup Headwaters
CC01 SuM6

Sum Point PUYBAL and PUYSIM
CCc01 suM7

Puyallup Balance station with PUYOBS as the local station
CC0l1 PUYBAL
CC02 PUYBAL PUYOBS
CR0O1 REACH1 WHITE RIVER FROM MUD MTN TO DIVERSION

ADAPTED FROM NWS--MMD2--780 FEET DROP IN 34 MILES - SLOPE 23 FT PER MILE
CR02 REACH1 5

N N e

C110 REACH1 0 24 1000 12
Cl11 REACH1 20000 8 30000 6
C112 REACH1 999999999 6

CR01 REACH2 WHITE RIVER FROM DIVERSION TO MOUTH

Changed from stg/discharge relation to equation
Use equation for REACH2 (16/.8/35) (PHASES/n/KST)
| | PHS-N--KTS.XX | |

CR02 REACH2 160800 3500
CL0Ol1 TAPPS LAKE TAPPS RESERVOIR
CL0O2 TAPPS 543 516
TAPPS Elev-Storage table from Puget Power (1959).

ELEV Q STORAGE ELEV Q STORAGE
C101 TAPPS 515 0 0 517 100 1902
C102 TAPPS 519 250 3901 521 450 6023
C103 TAPPS 523 700 8251 525 950 10929
C104 TAPPS 527 1200 13812 529 1500 16923
Cl105 TAPPS 531 1800 20303 533 2200 24025
Cl106 TAPPS 535 2700 28081 537 3300 32413
Cl107 TAPPS 539 4000 36967 541 4800 41694
C108 TAPPS 543 5700 46655 999999999999999999999999999
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CLO1
CL02

the

was

Cc101
C102
Cc103
Cc104
C105
C106
Cc107
c108
C109
C110
Clii
Cl12

CRO1

MMD
MMD
MMD
MMD
MMD

REACH3

MUD MOUNTAIN RESERVOIR
1241 870
Discharge table updated 10/2786. The data is from the NWS and includes
the combined capacity of both tunnels. The inver of the 23ft. tunnel is
is 970 ft. The invert of the spillway is 1215 ft.
Lowered minimum elevation from 896 TO 870, MCM 10/31/95
Raised the discharge to reflect rating curve dated 9/95--combined for

23 ft. tunnel and the 9 ft. tunnel at 90%(change from 910-1200ft)
Changed discharge and storage at 870ft. from 0.0 to 10.10 because it

unstable at 0.0.

ELEV Q STORAGE ELEV Q STORAGE
870 10 10 900 500 14
910 1200 52 920 1900 107
930 3600 191 940 5700 366
950 7100 641 970 9200 1522
980 10000 2145 990 10800 2913

1002 11600 4030 1030 13400 7870

1050 14400 11850 1100 16900 29050

1150 20000 55860 1200 20900 92560

1218 22000 109210 1222 26700 111200

1225 47800 116290 1230 74900 121580

1235 90000 127100 1240 130000 132830

1241 137000 13401099999999999999999999999999999

Puyallup at Orting to confluence with Carbon River

Adapted from NWS(ORTW2)...340 ft. drop in 20 miles - slope 17 ft. per mile

CRO2
clo1
C102
Cc102

CRO1

REACH3
REACH3
REACH3
REACH3

REACH4

4
0 40 1000 15
10000 15 12000 45
9999999 45

Carbon R. to confluence with Puyallup River

Adapted from NWS (FFXW2)...450 ft. drop in 27 miles - slope 17 ft. per mile

CRO2
Cc101
Cl02
Cc102

CRO1

REACH4
REACH4
REACH4
REACH4

REACH5

1
0 60 1000 15
10000 15 12000 45
9999999 45

MAINSTEM PUYALLUP RIVER

changed from cal3--from stg/discharge relation to equation
Use equation for REACHS (2/.4/15) (PHASES/n/KST)

CRO2

REACHS5

| PHS-N--KTS.XX | |
20400 1500

65



9 - SYSTEM CONFIGURATION CONTROL
D STA.

ADJRCH5
PUYSIM
PUYDIF
SUM7
REACH5
REACH5

oy dZ

U STA.N. P D STA

N MAINSTEM
P GRNWTR SUM1
P GRNOBS
P UPWHT SUM1
P WBCOBS
P WCQOBS
P SUM1 MMD
P MCQOBS
P MMD REACH1
P REACH1 SUM2
P WCBOBS
P CANALA CANALB
P CANALB SUM2
P SUM2 REACH2
P WBQOBS
P LWWHT REACH2
P REACH2 SUM3
P LTDOBS
P TAPPS SUM3
P UPPUY REACH3
P ORTOBS
P REACH3 SUMS
P CARBON SUM4
P CRFOBS
P SOPRE SUM4
P SOPOBS
P SUM4 REACH4
P REACH4 SUMS
P LWPUY SUM5
P SUMS SUM6
P SUM3 SUM6
P SUM6 REACHS5
P REACH5 PUYOBS
P PUYOBS
P PUYBAL

After a

"MAINSTEM" model run,

SUM7
SuM7
REACHS5
PUSSTG

TAPPS

WASSTG

ORSSTG

CRSSTG

PASSTG

PUSSTG

D STA. D STA. D STA.

the following run

can be made to adjust REACH5 to the observed discharge
values at Puyallup at Puyallup, Station No.
(PUYBAL values saved as PUYDIF and REACHS5 values
saved as PUYSIM after MAINSTEM model run)
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Ratings for river-stage sites
NOTE: The time series are saved as reservoir regulation time series
(record type 100) with the ZSE <source> <target> command. The
SSARR codes for the source and target are as follows:

Source Time Series Target Time Series
ORSSTG ORSSIM
CRSSTG CRSSIM
PASSTG PASSIM
PUSSTG PUSSIM
WASSTG WASSIM

Puyallup River near Orting, Station No. 12093500
Adapted from rating No. 28 and current stage shift: .51SH @ 4.00, .51FT

@ 5.15 AND 0.00SH @ 10.02FT. 8/18/97
CR0O1 ORSSTG PUYALLUP RIVER NEAR ORTING
#PHASES n

CR02 ORSSTG 1

STAGE Q TS STAGE Q TS

=== | === ] | === | === | === ] ===
C101 ORSSTG 300 0 10 399 108 10
C101 ORSSTG 400 110 10 500 483 10
C102 ORSSTG 600 1211 10 700 2469 10
C103 ORSSTG 800 4236 10 900 6575 10
C104 ORSSTG 1000 9517 10 1100 13470 10
C105 ORSSTG 1200 18140 10 1300 23840 10
C106 ORSSTG 99999999999999 10

Puyallup River at Puyallup, Station No. 12101500

Adapted from rating No. 11 and current stage shift: -.78 shift below
19.00 ft. prorated to -1.20 shift at 24.50 ft. 8/18/97
CR0O1 PUSSTG PUYALLUP RIVER AT PUYALLUP
#PHASES n
CR0O2 PUSSTG 1 0
STAGE Q TS STAGE Q TS
el Lol Iy === | === | ===
C101 PUSSTG 854 348 10 1000 1163 10
C102 PUSSTG 1200 3225 10 1400 6045 10
C103 PUSSTG 1600 9530 10 1800 13620 10
C104 PUSSTG 2000 18060 10 2200 22820 10
C105 PUSSTG 2400 28040 10 2600 34000 10
C106 PUSSTG 2800 40550 10 3000 47560 10
C107 PUSSTG 3170 53850 10 99999999999999999999

Puyallup River at Alderton, Station No. 12096500
ADAPTED FROM RATING #6 1/22/97

CRO1 PASSTG PUYALLUP RIVER AT ALDERTON
#PHASES n
CR02 PASSTG 1 0
STAGE Q TS STAGE Q TS
Pt ot |=====] | ===== | [ === |
Cl101 PASSTG - 4500 241 10 4700 1704 10
C102 PASSTG 4900 4547 10 5100 8805 10
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Cl1l03 PASSTG 5300 14500 10 5500 21640 10

Cl04 PASSTG 5700 30250 . 10 5900 40340 10
C105 PASSTG 6100 51920 10 6300 64990 10
C106 PASSTG 6500 79560 10 99999999999999 10

Carbon River at Orting, Station No. 12095690
Adapted from rating 3 and current shifts: 0.48sh below 24.20 ft.
and zero shift at 26.80 ft. and abv. 1/22/97

CRO1 CRSSTG CARBON RIVER AT ORTING
#PHASES n

CR0O2 CRSSTG 1 0

STAGE Q STAGE Q

I [ e
C101 CRSSTG 2250 213 10 2400 1193 10
C102 CRSSTG 2600 3450 10 2700 5046 10
C103 CRSSTG 2800 7311 10 2900 9994 10
C104 CRSSTG 3000 13100 10 3100 16610 10
C105 CRSSTG 3200 20550 10 99999999999999 10

White River nr. Auburn, Station No. 12100496
Adapted from rating 3 and current shifts: -2.32sh throughout the
entire range of the rating 1/22/97

CR0O1 WASSTG WHITE RIVER AT AUBURN
#PHASES n

CRO2 WASSTG 1 0

STAGE Q STAGE Q

e I R
C101 WASSTG 7702 0 10 7800 264 10
C102 WASSTG 7900 1033 10 8000 2283 10
C103 WASSTG 8100 4002 10 8200 6181 10
C104 WASSTG 8300 8815 10 8400 11900 10
Cl105 WASSTG 8500 15420 10 8600 19390 10
Cl06 WASSTG 8732 25300 10 99999999999999 10
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Puyallup River Model Tabled Characteristics

Puyallup River Model Tabled Characteristics

ZCT THREE DIMENSION TABLE OR FUNCTION
NAME, WORDZ , WORD3 , WORD4 , WORD5, ETC
ZCT,MRCR,3,0,0.02,0.025,100,0.03,0.025,300,0.06,0.025,999,0.06,0.025
ZCT,MRCR2,3,0,0.04,0.025,100,0.06,0.025,300,0.06,0.025,999,0.06,0.025
ZCT,MRCR3,3,0,0.08,0.025,100,0.10,0.025,300,0.10,0.025,999,0.10,0.025

ZCT TWO DIMENSION TABLE OR FUNCTION

NAME, WORDZ , WORD3 , WORD4 , WORD5 , ETC
ZCT, ELPGWT, 2,1750,72.0,2250,83.6,2750,94.1,3250,100.3,3750,103.0,4250,104.2,
ZCT,ELPGWT, 4750,105.1,5500,103.8,7000,99.6,8000,99.6
ZCT, ELPUWT, 2,1250,76.6,1750,79.2,2250,83.4,2750,87.6,3250,91.1,3750,94.9,
ZCT, ELPUWT, 4250,98.3,4750,102.5,5500,108.9,7000,127.7,11000,166.4,16000,166.4
ZCT, ELPLWT, 2,250, 83.6,750,86.4,1250,102.0,1750,112.9,2250,130.2,2750,141.7,
ZCT,ELPLWT, 3250,143.3,3750,142.9,4250,139.1,4750,143.1,5000,143.1
zCT,ELPSOP, 2,250,75.5,750,77.8,1250,86.1,1750,96.7,2250,108.2,2750,118.3,3250,
ZCT,ELPSOP, 122.7,3750,126.0,4250,128.1,4750,132.2,5500,135.4,7000,135.4
ZCT,ELPCRB, 2,1250,66.3,1750,71.5,2250,83.0,2750,86.6,3250,93.8,3750,100.1,
ZCT, ELPCRB, 4250,102.6,4750,105.2,5500,112.9,7000,127.5,11000,148.5,16000,148.5
zZzCT,ELPUPU, 2,250,53.2,750,54.7,1250,63.4,1750,74.6,2250,89.5,2750,103.1,3250,
ZCT,ELPUPU,114.9,3750,118.8,4250,122.0,4750,127.1,5500,134.9,7000,146.3,11000,
ZCT,ELPUPU,163.7,16000,163.7
ZCT,ELPLPU, 2, 250,87.5,750,92.4,1250,106.6,1750,118.5,2250,133.9,2750,154.1,
ZCT, ELPLPU, 3250,177.7,3750,192.0

NAME, WORD2Z , WORD3 , WORD4 , WORD5, ETC
ZCT,ELPUW, 2,1250,76.6,1750,79.2,2250,83.4,2750,87.6,3250,91.1,3750,94.9,
zZCT, ELPUW, 4250,95.7,4750,88.1,5500,81.8,7000,88.1,11000,88.1,16000,88.1
ZCT,ELPCR, 2,1250,66.3,1750,71.5,2250,83.0,2750,86.6,3250,93.8,3750,100.1,
ZCT,ELPCR, 4250,97.3,4750,92.8,5500,84.0,7000,77.4,11000,77.4,16000,77.4
ZCT,ELPUP, 2,250,53.2,750,54.7,1250,63.4,1750,74.6,2250,89.5,2750,103.1,3250,
ZCT,ELPUP,114.9,3750,118.8,4250,114.2,4750,108.2,5500,102.2,7000,96.2,11000,
zCT,ELPUP, 96.2,16000,96.2

zcT,sM07,2,0,10,2.5,20,5,36,12,100,15,100,999,100
zCcT,sM08,2,0,10,2.5,20,5,36,8,60,10,74,12,86,14,100,999,100
zcr,sM10,2,0,15,2.5,23,5,36,12,100,15,100,999, 100
zCcT,sM12,2,0,15,2,20,4,30,6,45,8,70,9,88,10,95,11,100,999,100
zCT,sM14,2,0,20,2,30,4,40,6,60,7,80,8,100,999,100
zCcT,sM™M15,2,0,20,2,30,4,40,6,54,7,61,8,68,10,80,12,90,14,100,999,100
zCT,sM16,2,0,15,2,20,4,30,6,52,8,76,9,88,10,95,11,100,999, 100
zcT,sm17,2,0,10,2.5,20,5,36,6,50,7,65,8,76,9,82,10,88,12,96,14,100,999,100
zcT,sM20,2,0,20,2,30,4,40,6,60,7,70,8,75,10,80,12,85,14,90,16,95,18,100,99,100
zCT,sM21,2,0,10,2,15,4,30,6,60,7,70,8,75,10,79,12,83,14,87,16,90,20,100,99,100

zCT,BI137,2,0,80,.1,57,.2,45,.3,37,.4,32,.5,29,.6,27,1.0,20,2.0,10,9999,10
zCcT,B131,2,0,75,.2,60, .4,48,.6,37,.8,31,1.0,27,1.2,25,9999,25
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zcT,BI179,2,0,90,.2,75, .4,63,.6,52,.8,46,1.0,45,1.2,45,9999, 45

zCcT,ss880,2,0,0, .02, .006, .04, .014, .06, .024, .08, .036,.1,.05,.5,.37,1.0,.77,100,
ZCT,SS80,99.77
zcT,ss07,2,0,0,.02,.004, .04, .010, .06, .018,.08,.028,.1,.04, .12, .054, .14,
zCcT,ss07,.07,100,99.93

zCT,KE03,2,0,100,.1,.70,.4,30,.6,20,1.0,10,2.0,0.0,999,0.0
ZCT,KE04,2,0,100,.5,30,2.0,0.0,999,0.0

zcT, ETPPUY, 2,-100,0,32,0,40, .023,50,.058,60,.097,70, .137,80,.179,90,.222,100,
ZCT, ETPPUY, .266
ZCT,ETPMMD, 2,-100,0,32,0,40,.028,50, .065,60, .103,70, .140,80,.179,90, .216,100,
ZCT, ETPMMD, .255

ZCT,DKE,2,0,0,3,50,6,90,10,100,9999,100

zCT,ETM,2,1,77,2,80,3,102,4,114,5,130,6,132,7,133,8,122,9,104,
zZzCT,ETM, 10,93,11,78,12,73,13,77

zCT,GMLT, 2,1, .004,2,.01,3,.02,4,.025,5,.03,10,.01,11,.005,13,.004

ZCT,MRPCT,2,1,31,2,37,3,53,4,70,5,87,6,100,7,100,8,91,9,76,10,58,11,41,12,32,13,
ZCT,MRPCT, 31,9999, 31

zCcT,ATTR1,2,1,2,2,5,3,11,4,18,5,26,6,34,7,41,8,49,9,56,10,63,11,68,12,74,13,78
ZCT,ATTR1,14,82,15,86,16,89,17,92,18,4,19,95,20,97,21,98,22,99,23,99,24,100

RELATION FOR ADJACENT STATION CANALA--WHITE R. CANAL DIVERSION AS A
FUNCTION OF FLOW IN REACH1 (WHITE R. NR. BUCKLEY)
zCT,CD1V,2,150,0,400,265,2000,1500,8000,1500,12000,0,60000,0
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